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RESUMO

PAULA NETO, Heitor Affonso. Mecanismos moleculares envolvidos na inibicao da
migracao de neutrofilos na sepse. Rio de Janeiro, 2010. Tese (Doutorado em Quimica
Bioldgica) — Instituto de Bioquimica Médica, Universidade Federal do Rio de Janeiro,
Rio de Janeiro, 2010.

Durante a sepse, neutrdfilos apresentam um estado de hiporresponsividade a estimulos
quimiotaticos. Este processo se correlaciona com a gravidade do quadro clinico e o
prognostico do paciente. Dados experimentais implicam o 6xido nitrico (NO) neste
fendmeno, pois a inibicdo farmacolégica da sintese de NO restaura a migracdo de
neutr6filos em modelos animais de sepse. No entanto, 0os mecanismos moleculares
envolvidos neste processo ainda ndo foram bem estudados. No presente estudo,
procuramos descrever os mecanismos envolvidos neste importante fendmeno e as vias
de sinalizacdo disparadas pelo NO em neutréfilos. Observamos que produtos
bacterianos sdo capazes de inibir a resposta de neutréfilos a estimulos quimiotaticos.
Este efeito mostrou-se dependente da sintese de NO e posterior ativacdo da enzima
guanilato ciclase (GC), com producdo de GMP ciclico (cGMP) e ativacdo da proteina
quinase dependente de cGMP (PKG). A inibicdo da resposta quimiotética de neutréfilos
parece envolver a internalizag¢do de receptores acoplados a proteina G (GPCRs) através
do aumento da expressdo de GPCR quinase (GRK) 2, um processo também dependente
da ativacdo da via NO-GC-PKG. Usando um modelo animal de sepse, observamos que
a inibicdo da atividade da GC é capaz de restabelecer a resposta quimiotitica de
neutréfilos, sugerindo que a ativacdo da via NO-GC-PKG ocorre in vivo durante a
sepse. Além disso, a restauracdo da migracdo de neutréfilos foi acompanhada de um
eficiente controle do foco infeccioso e um aumento na sobrevida dos animais. Nossos
dados descrevem os mecanismos moleculares envolvidos no estabelecimento de um
estado de hiporresponsividade dos neutréfilos a estimulos quimiotaticos e apontam para
a inibicdo da atividade da GC como um alvo promissor para a terapia da sepse.



ABSTRACT

PAULA NETO, Heitor Affonso. Mecanismos moleculares envolvidos na inibicao da
migracao de neutrofilos na sepse. Rio de Janeiro, 2010. Tese (Doutorado em Quimica
Bioldgica) — Instituto de Bioquimica Médica, Universidade Federal do Rio de Janeiro,
Rio de Janeiro, 2010.

In sepsis neutrophils present a state of unresponsiveness to chemotactic stimulation.
This process correlates with sepsis severity and prognosis. Experimental data have
implicated nitric oxide (NO) in this phenomenon, since pharmacological inhibition of
NO synthesis restores neutrophil migration in animal models of sepsis. However the
molecular mechanism involved remains understudied. In the present study, we sought to
determine the mechanims involved in this important phenomenon and the signaling
pathways triggered by NO in neutrophils. We show that bacterial products are able to
inhibit neutrophil responses to chemotactic stimuli. This effect seems to depend on NO
synthesis and guanylate cyclase (GC) activation, with consequent production of cyclic
GMP (cGMP) and activation of cGMP-dependent protein kinases (PKG). Inhibition of
neutrophil chemotaxis seems to involve G protein-coupled receptor (GPCR)
internalization through increased expression of GPRC kinase (GRK) 2, which were both
dependent on the activation of the NO-GC-PKG axis. Using an experimental model of
sepsis, we shoe that GC inhibition is able to restore neutrophil migratory function,
suggesting that the activation of the NO-GC-PKG axis is operative in vivo during
sepsis. Moreover restored neutrophil migration was paralleled by efficient control of
infection and increased survival. Our data describe the molecular mechanisms involved
in the establishment of neutrophil unresponsiveness to chemotactic stimulation and
point to GC inhibition as a promissing target for sepsis therapy.
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1. INTRODUCAO

1.1. Inflamacao e migracao celular

Inflamagdo € definida como a resposta de tecidos vascularizados a injuria
(MEDZHITOV, 2008). A resposta inflamatéria é um processo bioldgico complexo
desencadeado em tecidos vascularizados por estimulos fisicos, quimicos ou infecciosos,
e visa em ultima andlise eliminar o agente causador da lesdo e restaurar a homeostase
tecidual MEDZHITOV, 2008).

Os cinco sinais cldssicos da inflamagao, calor, rubor, edema e dor, resultam dos
efeitos bioldgicos dos mediadores inflamatdrios produzidos localmente em resposta a
injuria. Estes mediadores promovem aumento do fluxo sangiiineo local (rubor e calor),
aumento da permeabilidade vascular (edema), infiltracdo de leucdcitos e liberacido de
mediadores hiperalgésicos (dor) (MARSHALL, 2008).

Na vigéncia de uma infecc¢do local, o agente infeccioso é reconhecido por células
residentes que, em resposta, iniciam a producdo de mediadores inflamatdrios
(MEDZHITOV, 2008). O reconhecimento de microorganismos por células do
hospedeiro depende da expressdao de receptores altamente conservados capazes de
reconhecer estruturas associadas microorganismos. Esta familia de receptores reconhece
estruturas conservadas essenciais a biologia dos microorganismos, como por exemplo,
componentes de parede celular bacteriana e dcido nucléico de virus (BEUTLER, 2009).
Estes componentes microbianos sdo amplamente referidos como padrdes associados a
patégenos (pathogen-associated molecular patterns, PAMPs). Os primeiros receptores
de PAMPs descritos foram os receptores do tipo Toll (Toll-like receptors, TLRs). Estes

receptores foram inicialmente descritos como importantes para o desenvolvimento
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dorso-ventral em Drosophilas (ANDERSON et al., 1985). Interessantemente, as
Drosophilas possuindo mutacdes inativadoras em Toll apresentavam importante
susceptibilidade a infec¢des, sugerindo uma participacdo destes receptores na resposta
do hospedeiro a agentes infecciosos (LEMAITRE et al., 1996). Mais tarde, o homoélogo
de Toll em mamiferos foi identificado, clonado e caracterizado como o receptor que
reconhece o lipopolissacarideo (LPS) bacteriano (MEDZHITOV et al., 1997).

Seguindo estes estudos seminais, estudos aprofundaram em muito o
conhecimento a cerca da expressdo e das vias de sinalizagdo de receptores do tipo Toll.
Atualmente, 13 isoformas de TLR sdo descritas em mamiferos, sendo 10 em humanos.
Além disso, outros receptores para PAMPs foram descritos, como os receptores com
dominio de ligacio de nucleotideo e oligomerizagdo (nucleotide-binding
oligomerization domain, NOD), e o gene 1 induzido por 4cido retindico (retinoic acid-
induced gene 1, RIG-1) (BEUTLER, 2009). O estudo das vias de sinalizacdo de TLRs
levou a descri¢do de quatro proteinas adaptadoras essenciais para a transducdo de sinal:
o fator 88 de diferenciacdo mieldide (myeloid differenciation factor 88, MyD8S), a
proteina adaptadora tipo MyD88 (MyDS88 adapter-like protein, MAL), a adaptadora
indutora de interferon-f contendo dominio TIR (TIR domain-containing adapter
inducing interferon-f, TRIF), e a proteina de membrana associada a cadeia translocada
(translocating-associated membrane protein, TRAM) (BEUTLER, 2009; MONIE,
2009). A sinalizacdo via estas proteinas adaptadoras, culmina com a ativagdo de uma
série de fatores de transcrigdo, entre eles o fator nuclear kB (nuclear factor- kB, NF-kB),
levando a expressdo e supressdo de um grande nimero de genes (BEUTLER, 2009).
Entre os genes expressos em resposta a ativacdo de TLR-NF-kB, estdo uma série de
genes que codificam citocinas pré-inflamatérias, como o fator de necrose tumoral o

(tumor necrosis factor a, TNFa) (Figura 1).
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Figura 1. Vias de sinalizacd@o disparadas por receptores do tipo Toll (TLRs). Representagcao esquemética
das vias de sinalizacdo envolvidas na ativagdo de fatores de transcricdo em resposta a ligacdo de
moléculas microbianas a seus respectivos receptores (BEUTLER, 2009).

A producdo destes mediadores inflamatérios por células residentes leva a

ativacdo do endotélio, aumento da permeabilidade vascular e inicia o processo de

influxo de leucdcitos circulantes para o tecido. A ativacdo de células endoteliais pelo

TNFa, por exemplo, causa alteracdes na morfologia celular e na expressdo de moléculas

de adesdo, que culminam com a adesdo e o extravasamento de leucdcitos para o tecido

(VANDENBROUCKE et al., 2008). Dentre os leucécitos que migram para o tecido em

resposta a infec¢do, o neutrdfilo € o primeiro e seu nimero aumenta significativamente

dentro das primeiras horas apds a infec¢do. Por isso, esta célula é por muitos

considerada a primeira linha de defesa do organismo contra infeccoes (COWBURN et

al., 2008).
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A migracdo de neutréfilos para os tecidos € um processo altamente coordenado e
finamente regulado. Este processo se inicia com a marginagdo dos neutrdfilos que se
deslocam da porcao central da luz do vaso para a periferia. Este processo parece resultar
das alteracdes hemodinamicas locais e aumenta o contato entre os neutréfilos e células
endoteliais. Este contato célula-célula leva a uma diminui¢do da velocidade de
deslocamento do neutrdéfilo como resultado de interacdes fracas entre moléculas de
adesdo do tipo selectinas, expressas pelo neutrdfilo, e seus ligantes na membrana das
células endoteliais. A ligacdo das selectinas expressas pelos neutréfilos ativa vias de
sinalizacdo intracelulares que resultam na ativacdo de integrinas, expressas em um
estado inativo pelos neutréfilos. A ativag@o de integrinas resulta em uma ligag@o firme
com moléculas de adesdo expressas pelo endotélio e finalmente a adesdo firme e o
extravasamento dos neutréfilos (LEY et al, 2007; THELEN & STEIN, 2008;
WOODFIN et al., 2010) (Figura 2).

Uma vez no tecido, os neutréfilos sdo capazes de reconhecer gradientes quimicos
de concentracdo, formados por mediadores enddgenos ou produtos bacterianos, que
servem para direcionar o neutrdfilo para o foco da infecgdo (THELEN & STEIN, 2008).
Estes mediadores diferem grandemente em sua natureza quimica - podem ser protéicos,
como as quimiocinas interleucina (IL)-8 e fragmentos do complemento, ou lipidicos,
como o leucotrieno B4 (LTB4) e o fator ativador de plaquetas (platelet activating factor,
PAF) - e no seu modo de produgdo - podem ser enddgenos, como os fatores descritos
anteriormente, ou podem ser derivados do préprio microorganismo, como o peptideo N-
formil-metionil-leucil-fenilalanina (fMLP) (HAASTERT & DEVREOTES, 2004). O
reconhecimento destes diferentes agentes quimiotaticos depende da sinalizacdo via
receptores acoplados a proteina G (G protein-coupled receptor, GPCR) (HASTERT &

DEVREOTES, 2004; THELEN & STEIN, 2008). A sinalizacdo via GPCR envolve a
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Figura 2. Processo de migragdo de neutrdfilos e eliminagdo de agentes infecciosos. Esquema representa
as fases do processo de migracdo celular e os mediadores envolvidos. Extraido de
www.chronicprostatitis.com/images/f3.jpg

ativacdo de vias intracelulares como a via da quinase de fosfatidil inositol
(phosphatydylinositol-3-kinase, PI3K) (RITTER & HALL, 2009). De fato, animais
geneticamente deficientes na subunidade catalitica p110y da PI3K, apresentam um
profundo comprometimento da migracdo de neutréfilos (HIRSCH et al., 2000).

Assim como grande parte dos GPCRs, os receptores envolvidos no
reconhecimento de mediadores quimiotiticos sofrem fina regulagdo da sua atividade.
Uma das principais vias de regulacio da atividade de GPCRs ¢ através da ativacdo de
quinases de GPCR (GPCR kinases, GRKs) (VROON et al., 2006; RITTER & HALL,

2009). Estas proteinas fosforilam a por¢ao citoplasmdtica do receptor, gerando um sitio
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de reconhecimento para [-arrestinas, que se ligam ao receptor, mediando sua
internalizacdo e o término da resposta (VROON et al, 2006; PREMONT &
GAINETDINOV, 2007). Este mecanismo de regulacdo negativa da atividade de GPCRs
€ conhecido como “dessensibilizacdo” e pode resultar da ligacdo do préprio agonista
(dessensibilizagdo homdloga), ou da ativagdo de um receptor nio relacionado
(dessensibilizacdo heterdloga) (PREMONT & GAINETDINOV, 2007). A importancia
deste mecanismo regulador no processo de quimiotaxia dos neutrdfilos foi claramente
demonstrada em estudos recentes com animais geneticamente deficientes para GRK6
(KAVELAARS et al., 2003; VROON et al., 2004). Nestes estudos foi descrito um
aumento aprecidvel na resposta quimiotatica de neutréfilos aos ligantes de CXCR4 e ao
LTB4, além de um incremento da resposta inflamatéria aguda induzida por 4cido
aracdonico (KAAVELARS et al., 2003; VROON et al., 2004).

Uma vez alcangado o foco infeccioso, os neutrdfilos sdo capazes de fagocitar e
eliminar os microorganismos invasores. A expressdo de receptores para a por¢do Fc de
imunoglobulina (Ig) G (FcyRIIl) e para proteinas da cascata do complemento (C3R)
pelos neutréfilos permite o reconhecimento e fagocitose de microorganismos
opsonizados (DALE et al., 2008). Estes microorganismos sdo eliminados pela acdo de
espécies reativas de oxigénio (EROs) e nitrogénio (ERNs), e enzimas citotoxicas
armazenadas nos granulos citoplasmaéticos dos neutréfilos (NAUSEEF, 2007; DALE et
al., 2008). A producdo de EROs depende da atividade da enzima nicotinamida adenina
dinucleotideo fosfato (NADPH) oxidase. A atividade de NADPH oxidase gera peréxido
de hidrogénio e outras EROs (O;) e, em conjunto com a enzima mieloperoxidase,
transforma ions cloreto em 4cido hipocloroso, um potente composto antimicrobiano
(DALE et al., 2008). Embora a participacdo de outros mecanismos microbicidas seja

reconhecida, como peptideos antimicrobianos (defensinas), proteases e ERNs, a
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producdo de EROs e acido hipocloroso é considerado o mais importante mecanismo
antimicrobiano de neutréfilos (DALE et al., 2008). Em concordancia, pacientes
portadores de doenga granulomatosa cronica sdo incapazes de produzir EROs derivadas
da NADPH oxidase e apresentam episddios de infeccdo recorrente (GEISZT et al.,

2001).

1.2. Sepse

A eliminacdo eficiente de patdgenos e a restauragdo da homeostase tecidual
dependem do reconhecimento da infeccdo, da montagem de uma resposta inflamatéria
adequada e da migracdo de leucdcitos (neutrdfilos e macréfagos) da corrente sanguinea
para o foco infeccioso. O processo inflamatério é, portanto, essencial para a
sobrevivéncia dos seres vivos. No entanto, seus efeitos benéficos dependem de uma fina
regulacdo da amplitude de resposta e da correta resolugdo do processo (MEDZHITOV,
2008).

A desregulacdo da resposta inflamatéria € a base para uma série de doengas
humanas entre elas a sepse, que se caracteriza por uma resposta inflamatoria sist€mica a
uma infeccio (MEDZHITOV, 2008). A sepse estd hoje entre as dez maiores causas de
morte no mundo e € a principal causa em unidades de terapia intensiva ndo-coronariana
(SHIMAOKA & PARK, 2008). Estimativas do ano de 2004 sugerem o diagndstico de
77 a 240 novos casos por 100.000 habitantes, com uma expectativa de aumento de 1,5%
dos casos ao ano, podendo resultar em 1 milhdo de novos casos anuais em 2020, sé nos
Estados Unidos da América (WHEELER et al., 2009). Além do crescente nimero de

casos e a mortalidade associada, a sepse gera gastos publicos anuais da ordem de 17
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bilhdes de doélares nos Estados Unidos e cerca de 7 bilhdes de euros na Europa
(ANGUS et al., 2001; MARTIN et al., 2003).

O prognéstico e a mortalidade na sepse claramente dependem de um diagndstico
preciso e inicio rdpido de tratamento. Por isso, é necessdria uma clara definicdo com
base em parametros clinicos e laboratoriais. Baseado nesta necessidade estabeleceu-se
em 1991, durante um encontro organizado pela American College of Chest Physicians e
a Society of Critical Care Medicine, defini¢des clinicas para os quadros de sepse,
sindrome da resposta inflamatéria sistémica (systemic inflammatory response
syndrome, SIRS), sepse grave e choque séptico (VINCENT & ABRAHAM, 2006).

Neste consenso, sepse foi definida como uma manifestacio de resposta
inflamatoria sistémica na presenca suspeita ou confirmada de infec¢do. A sindrome da
resposta inflamatoéria sist€mica foi definida como a presenga de pelo menos dois sinais
de resposta inflamatdria sistémica, sinais estes caracterizados por desregulacdes em
sistemas fisioldgicos, como por exemplo, temperatura corporal aberrante (maior que
38°C ou menor que 36°C), freqii€ncia cardiaca maior que 90 b.p.m., freqiiéncia
respiratéria maior que 20 (ou PaCO, menor que 32 mmHg) ou alteragdes na contagem
de leucécitos (leucometria maior que 12 x 103/mm3, menor que 4 X 103/mm3, ou
contagem de segmentados maior que 10%). Sepse severa foi definida como sepse
agravada por faléncia de 6rgdos e choque séptico como sepse severa em vigéncia de
colapso cardiovascular (VINCENT & ABRAHAM, 2006). Estes conceitos, embora
amplamente utilizados e bem validados, ainda sdo alvo de intensos debates e a
necessidade de conceitos mais especificos ainda persiste.

A resposta inflamatdria sistémica resultante da infeccdo na sepse € caracterizada
por uma resposta inflamatéria exacerbada com producdo sist€émica de mediadores

inflamatdrios € o estabelecimento de um estado de faléncia em diversos sistemas



27

fisiologicos (COHEN, 2002; RUSSEL, 2006; MARSHALL, 2008). Diminuic¢do
acentuada da pressdo sanguinea, interrupcdo do fluxo microvascular e irresponsividade
a drogas vasopressoras, por exemplo, caracterizam a faléncia do sistema cardiovascular
observado na sepse (SPRONK et al., 2004; JONES & PUSKARICH, 2009).
Encefalopatia, disfuncdes neuroenddcrinas e do sistema nervoso autdonomo (que parece
contribuir para o agravamento da desregulacdo do sistema cardiovascular) caracterizam
o comprometimento do sistema nervoso central (SHARSHAR et al., 2009). Outros
sistemas fisiologicos comprometidos sdo o sistema renal, hepdtico e respiratério e
nervoso (NEMZEK et al., 2008; VENTETUOLO & LEVY, 2008; MAGDER, 2009).
Este estado de disfungdo dos sistemas orgéanicos contribui de forma significativa para o
agravamento do quadro clinico e, portanto, € alvo de intensos estudos.

Apenas mais recentemente passou-se a reconhecer o sistema imunolégico como
um sistema fisioloégico suscetivel a faléncia na sepse. Desde entdo uma série de
disfuncdes imunoldgicas foram descritas e parecem contribuir para 0 comprometimento
da capacidade de defesa do paciente a curto e longo prazo (LYN-KEW &
STANDIFORD, 2008; WANG & DENG, 2008). Geralmente estas disfuncdes se
manifestam como um estado de imunossupressao que parece contribuir para a maior
susceptibilidade de pacientes e animais a infec¢des oportunistas, pneumonia e cancer
(BENJAMIM et al., 2004). Linfopenia de células B e células T CD4" em decorréncia de
extensiva apoptose (HOTCHKISS et al., 2001), comprometimento das fun¢des efetoras
de células dendriticas (FLOHE et al., 2006; WILSON et al., 2006; WEN et al., 2008),
desvio de resposta para um perfil Th2 ou T regulador (com elevada produgdo de
citocinas antiinflamatérias como a IL-10) (BENJAMIM et al., 2004; WISNOSKI et al.,
2007; DELANO et al., 2007; CAVASSANI et al., 2010) s@o descritos como disfungdes

do sistema imune adaptativo e s@o associados a imunossupressio a longo prazo
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(BENJAMIM et al., 2004). Além disso, um estado de hiporresponsividade a ligantes de
TLR foi descrito em macréfagos de animais e pacientes com sepse (DENG et al., 2006;
WIERSINGA et al., 2009). O estabelecimento deste estado depende do aumento na
expressdo da quinase M associada ao receptor de IL-1 (interleukin-1 receptor-associated
kinase M, IRAK-M) (DENG et al., 2006), e a expressdo de IRAK-M se correlaciona

com a mortalidade em pacientes (WIERSINGA et al., 2009).

1.3. Neutrofilos na sepse

Dentre as disfun¢des imunoldgicas descritas na sepse, a inibicdo da capacidade
migratéria de neutréfilos parece ter uma importante contribui¢io para a evolugao clinica
do paciente (REDDY & STANDIFORD, 2010; ALVES-FILHO et al., 2008). As graves
conseqiiéncias de uma desregulacdo do processo de migracdo de neutrdfilos para a
defesa do hospedeiro pode ser observada nos casos de susceptibilidade aumentada e
infecgOes recorrentes apresentadas por pacientes com deficiéncia na fungdo migratoria
destas células, como na sindrome da deficiéncia de adesdo leucocitdria (leukocyte
adhesion deficiency, LAD) (MALECH & HICKSTEIN, 2007). Desta forma, a faléncia
da migracdo de neutréfilos na sepse parece contribuir para o agravamento do quadro
clinico por impedir o influxo de neutréfilos para o tecido e uma eficiente eliminacdo do
foco primdrio de infeccéo.

Estudos demonstram claramente que a faléncia de migracao de neutréfilos pode
ser estabelecida em modelos animais de sepse. A injecdo intravenosa de bactérias ou
produtos bacterianos (TAVARES-MURTA et al., 2001; CROSARA-ALBERTO et al.,
2002; ALVES-FILHO et al., 2004) em camundongos é capaz de inibir a migracdo de

neutréfilos para a cavidade peritoneal. Da mesma forma, animais submetidos ao
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protocolo de ligacdo e perfuracdo do ceco (cecal ligation and puncture, CLP) letal,
correspondente a uma sepse grave, mas ndo animais submetidos ao CLP subletal,
correspondente a uma sepse moderada ou branda, apresentam diminui¢do importante da
migracdo de neutréfilos para a cavidade peritoneal (BENJAMIM et al., 2000;
BENJAMIM et al., 2002). Efeitos similares podem ser observados em ratos submetidos
ao CLP (TORRES—DUENAS et al., 2006). Além disso, neutréfilos isolados de
pacientes com sepse apresentam diminuida capacidade migratdria in vitro em resposta a
agentes quimiotdticos cldssicos como o fMLP e a IL-8. Este processo se correlaciona
com a gravidade do paciente e o seu prognostico (TAVARES-MURTA et al., 2002).
Alves-Filho e colaboradores demonstraram uma importante participacio da sinalizagdo
via TLR4 (ALVES-FILHO et al., 2004) e, mais recentemente do TLR2 (ALVES-
FILHO et al., 2009) no estabelecimento da faléncia de migra¢do de neutréfilos. Este
fendmeno pode ainda ser atribuido a producio sist€émica de mediadores inflamatdrios
como o TNFa (TAVARES-MURTA et al., 1998), a IL-2 (MORENO et al., 2006a) e o
PAF (MORENO et al., 2006b). Tomados em conjunto, estes estudos sugerem que o
reconhecimento de bactérias ou produtos bacterianos na circulagdo por TLRs, levaria a
produgdo sistémica de mediadores inflamatdrios que atuariam promovendo a faléncia de

migracdo de neutréfilos (Figura 3).

1.4. Neutrofilos, sepse e 6xido nitrico

Comum a todos os estudos sobre a faléncia da migracdo de neutrdfilos, é a

demonstrag@o do envolvimento do 6xido nitrico (NO), derivado da NO sintase induzida

(INOS) neste processo. Nestes estudos, o tratamento dos animais com inibidores
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farmacoldgicos de iNOS foi capaz de restabelecer a migracio de neutr6filos nos animais

submetidos a sepse grave (TAVARES-MURTA et al., 1998; BENJAMIM et al., 2002;

Endothelial cells

Figura 3. Cascata de eventos envolvida na inibicdo da migragdo de neutrifilos na sepse. O esquema
representa o modelo proposto com base em dados da literatura, para descrever os eventos celulares e
moleculares envolvidos na inibicdo da migracdo de neutréfilos na sepse. Neste modelo, bactérias (ou
produtos bacterianos) na circulacio levariam a ativacdo sistémica de TLR, com exacerbada producio de
mediadores inflamatérios, aumento na expressdo da NO sintase induzida e producdo sist€mica de grandes
quantidades de NO. Estes eventos culminariam na inibicdo da migracdo de neutréfilos e prejudicariam o
controle da infeccdo. IL-1: interleucina-1; iNOS: NO sintase induzida; NO: 6xido nitrico; TNF: fator de
necrose tumoral; TLR: receptores tipo Toll. Modificado de REDDY & STANDIFORD, 2010.

CROSARA-ALBERTO et al., 2002; TORRES-DUENAS et al., 2006; MORENO et al.,
2006; RIOS-SANTOS et al., 2007, MESTRINER et al., 2007; NAPIMOGA et al.,
2008). Além disso, camundongos geneticamente deficientes na enzima iNOS (iNOS™)
sdo refratarios aos efeitos da sepse sobre a migracdo de neutréfilos, corroborando os
dados farmacolégicos (BENJAMIM et al., 2002). Em pacientes com sepse, a funcéo
migratoria de neutréfilos se correlaciona negativamente com a expressdo de iNOS em

neutréfilos e com os niveis plasmadticos de nitrito e nitrato. Pacientes com elevados
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niveis de nitrito e nitrato, indicativos de elevada sintese de NO, e elevada expressao de
iNOS, apresentaram neutr6filos com menor capacidade migratéria (TAVARES-
MURTA et al., 2002; ARRAES et al., 2006). Além disso, neutrdfilos de pacientes com
sepse ou neutrofilos estimulados in vitro com LPS e citocinas, apresentaram um
aumento da expressdo de GRK2 e GRKS. Esta expressdao aumentada pode contribuir
para a dessensibilizacdo do neutréfilo a estimulos quimiotiticos através da
internalizacdo de receptores. No entanto, a interagdo entre a produgcdo de NO e a
expressdo de GRK em neutréfilos, bem como as vias de sinaliza¢do envolvidas nédo
foram descritas e permanecem desconhecidas.

O NO ¢ uma molécula simples, capaz de ser produzida por virtualmente todas as
células do organismo (MONCADA & HIGGS, 2006). Foi primeiramente descrito como
um fator derivado do endotélio capaz de causar relaxamento da musculatura lisa
vascular em resposta a acetilcolina, sendo designado fator relaxante derivado do
endotélio (endothelial-derived relaxing factor, EDRF) (MONCADA & HIGGS, 2006).
Anos mais tarde, Palmer e colaboradores conseguiram medir diretamente a presenca de
NO em preparagdes de células endoteliais tratadas com bradicinina (PALMER et al.,
1987), levando a proposicio de que o EDRF e o NO fossem a mesma molécula
(MONCADA & HIGGS, 2006). Uma série de estudos se seguiu e as vias de sintese de
NO por células endoteliais (e outras células), assim como as enzimas envolvidas no
processo foram descritas.

O NO € um produto da conversdo do aminodcido arginina em citrulina pela ac¢éo
de 6xido nitrico sintases. A primeira descri¢do desta via de sintese, conhecida como a
via da L-arginina:NO foi feita em ensaios com células endoteliais cultivadas em meio
sem arginina. Nestes ensaios, a adi¢do de arginina ao meio restaurava a producio de

NO, gerando niveis detectdveis desta molécula (PALMER ez al., 1988). Em seqii€ncia a



32

este trabalho, Moncada e colaboradores identificaram pela primeira vez a enzima
responsdvel pela conversdo de arginina em citrulina e NO, denominando-a de NO
sintase (NOS) (MONCADA et al., 1989).

Atualmente, trés isoformas da NOS sao descritas (Figura 4). Duas isoformas sao
constitutivamente expressas, produzem pequenas quantidades de NO (na faixa de nM),
e estdo envolvidas em processos fisioldgicos como o controle do tdnus vascular e
neurotransmissdo (MURAD, 2006). Estas isoformas foram primeiramente descritas no
endotélio (NOS I ou NOS endotelial, eNOS) e em neur6nios (NOS III ou NOS
neuronal, nNOS). Como sdo constitutivamente expressas, suas atividades sao reguladas
pelos niveis intracelulares de cdlcio, através de sistema cdlcio:calmodulina (CARY et
al., 2006; MURAD, 2006). A terceira isoforma da NOS (NOS II), por outro lado, ¢
virtualmente indetectivel em células quiescentes. Sua expressdo € induzida por
estimulos inflamatdrios como o LPS e citocinas. Desta forma, esta enzima é descrita
como a isoforma induzida de NOS ou iNOS. Sua atividade € regulada exclusivamente
pela expressdo e ndo sofre influéncia dos niveis intracelulares de célcio (MURAD,
2006). Esta enzima tem capacidade de produgdo de NO cerca de 1000 vezes maior que
as isoformas constitutivas (na ordem de uM). Por produzir niveis elevados de NO e ter
sua atividade regulada por estimulos inflamatérios, a iNOS é considerada como a
isoforma envolvida em processos fisiopatoldgicos como a sepse (MURAD, 2006).

Baseado na regulacdo da expressdo e atividade da iNOS por mediadores
inflamatodrios, € no envolvimento do NO derivado da iINOS no estabelecimento da
faléncia da migracdo de neutrdfilos, podemos sugerir um quadro tedrico para este
processo. Neste quadro, o extravasamento de produtos bacterianos para a corrente
circulatéria em decorréncia da infecc@o sist€mica levaria ao reconhecimento destes

ligantes por TLRs e a producdo sisttmica de mediadores inflamatorios. Estes
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mediadores aumentariam a expressdo de iNOS e a producdo sisttmica de NO em
grandes quantidades. Este NO poderia entdo atuar sobre os neutréfilos circulantes,

inibindo sua capacidade de resposta a estimulos quimiotaticos (Figura 3).
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Figura 4. Regulacdo da atividade das diferentes isoformas da NO sintase. Esquema representa as vias
de regulacdo da sintese de NO em células endoteliais. A isoforma constitutiva (cNOS), neste caso a NOS
endotelial, é responde a aumentos nos niveis intracelulares de célcio (Ca++), regulados por
vasodilatadores ou forcas de sisalhamento. Um mecanismo similar regula a atividade da isoforma
constitutiva neuronal (nNOS) em resposta a neurotransmissores. A isoforma induzida (iNOS) é regulada
por aumento de expressdo em resposta a estimulos inflamatérios. Neste esquema, a via de sinalizagdo

envolvendo a ativacdo de GC € representada. Extraido de www.cvphysiology.com.

Com base nestes dados e nas evidéncias do envolvimento do NO na disfuncao
do sistema cardiovascular na sepse, € bastante tentador sugerir a utilizacdo de inibidores
da sintese de NO no tratamento da sepse. A principio, a inibicdo da sintese de NO
poderia reverter o quadro de disfuncio vascular e restaurar a capacidade migratéria dos

neutrdfilos, contribuindo para a melhora do quadro geral do paciente. No entanto, a
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utilizacdo de inibidores da sintese de NO em modelos animais de sepse levou,
inesperadamente, a um aumento na mortalidade (BENJAMIM et al., 2002; PULITI et
al., 2004). Este efeito foi observado a despeito da recuperagdo da funcdo hemodinamica
destes animais e da restauracdo da migrag¢do de neutrdfilos para o foco infeccioso. Uma
possivel explicacdo para este achado foi sugerido pela observagdo de niimeros similares
de bactérias no lavado peritoneal e no sangue dos animais tratados e ndo tratados
(BENJAMIM et al., 2002). Possivelmente, a inibi¢do da sintese de NO interfere com a
capacidade de eliminag@o das bactérias pelos neutréfilos, uma vez que espécies reativas
de nitrogénio sdo reconhecidamente importantes para a capacidade bactericida destas
células (MALAWISTA et al., 1992; KAPLAN et al., 1996; FIERRO et al., 1999,
BROVKOVYCH et al., 2008).

Em adicdo a estes achados experimentais, uma recente triagem clinica de fase III
utilizando um inibidor farmacoldégico da sintese de NO foi suspenso por resultar em
aumento da mortalidade nos pacientes tratados (LOPEZ et al., 2004). Embora este
estudo ndo tenha comparado a contagem de bactérias entre os pacientes tratados e ndo
tratados, € possivel que a interferéncia com mecanismos de elimina¢do dos agentes
infecciosos tenha contribuido para o resultado desfavoravel destes testes. De toda
forma, a conclusdo que se pode extrair dos resultados obtidos em humanos e animais € a
de que a modulagdo da sintese de NO na sepse nao € uma estratégia terapéutica segura,
e o uso de inibidores da sintese de NO possui importantes limitagcdes que impedem sua
aplicacdo clinica. Neste sentido, estudos visando um melhor entendimento dos
mecanismos moleculares disparados pelo NO na sepse sdo de grande importincia.

O NO ¢ capaz de regular eventos celulares por diversas vias (CARY et al., 2006;
MURAD, 2006) (Figura 5). A via mais bem descrita depende da ativacdo da enzima

guanilato ciclase (GC). Esta enzima possui um grupamento heme onde o NO se liga,
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ativando a sintese de monofosfato de guanosina ciclico (cyclic guanosine
monophosphate, cGMP) a partir do trifosfato de guanosina (guanosine triphosphate,
GTP). O cGMP ¢é capaz de ativar proteinas quinase dependentes de cGMP (cGMP-
dependent protein kinase, PKG), que sdo os mediadores finais de grande parte dos
efeitos celulares do NO (MURAD, 2006). Além desta via classica, o NO pode regular
processos bioldgicos através do ataque a aminoidcidos de proteinas e lipideos
(ISCHIROPOULOS, 2003; CARY et al., 2006; HESS et al., 2005). Esta propriedade do
NO era até recentemente considerada como um mecanismo citotéxico, capaz de causar
danos a estruturas celulares como proteinas, lipideos de membrana e DNA. No entanto,

estudos recentes mostram que este processo pode estar envolvido na regulagdo p6s-
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Figura 5. Mecanismos de sinalizac@o celular disparados pelo NO. Esquema representando as vias de
sinalizacdo disparadas pelo NO. A esquerda estio representadas as vias consideradas envolvidas nos
efeitos fisiolégicos do NO, como a ativagio da via GC-cGMP-PKG. A esquerda estdo representadas as
vias envolvidas nos efeitos fisiopatolégicos do NO, como o ataque de estruturas celulares. Extraido de
cgmp.blauplanet.com/adv/nomol.html
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transcricional de proteinas, assim como eventos de fosforilacdo, sugerindo um
importante papel fisiolégico para estas modificacdes (CARY et al., 2006; FOSTER et
al., 2009). O ataque de componentes celulares pelo NO pode ser direto, resultando na
modificacdo de aminodcidos sulfurados como a nitrosilacdo de residuos de serina e
treonina (HESS et al., 2005). Alternativamente, o NO pode se combinar com EROs,
como anions superdoxido (O,), formando peroxinitrito (ONOQ"), capaz de atacar
residuos de tirosina, causando nitracdo de proteinas (ISCHIROPOULQS, 2003).

A despeito da necessidade de um melhor entendimento dos eventos moleculares
disparados pelo NO na sepse, nenhum estudo foi realizado para descrever as vias de
sinalizacdo envolvidas na inibi¢do da migracdo de neutrdfilos pelo NO. Além disso, as
relacdes entre NO, expressdo de GRK e receptores quimiotdticos, e a modulagcdo da

resposta migratdria em neutréfilos humanos permanecem desconhecidas.
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2. OBJETIVOS

2.1. Objetivo geral. O presente estudo teve como objetivo principal investigar os
mecanismos moleculares envolvidos no estabelecimento da inibicdo da migragdo de

neutréfilos na sepse.

2.2. Objetivos especificos. Dentro do objetivo geral proposto neste estudo, nossos

objetivos especificos foram:

- Estabelecer um modelo in vitro para o estudo das vias de sinalizacdo envolvidas na
inibi¢do da migracdo de neutréfilos humanos na sepse;

- Investigar a participagdo da via NO-GC-PKG no estabelecimento da faléncia de
migracdo de neutrdfilos;

- Investigar a modulagdo da expressdo de receptores (CXCR2, BLT1 e FPRL1) no
fendmeno;

- Investigar a participacdo de GRK?2 neste processo e a relagdo entre NO e a expressdo
de GRK2 em neutrofilos;

- Analisar os efeitos de um inibidor seletivo da atividade de GC sobre a migracdo de
neutrdfilos in vivo em um modelo de sepse;

- Analisar os efeitos de um inibidor seletivo da atividade de GC sobre a sobrevida de

animais submetidos a sepse.
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3. MATERIAIS E METODOS

3.1. Isolamento de neutrdfilos humanos. Neutrofilos humanos foram isolados de
sangue periférico de doadores voluntérios sauddveis seguindo protocolo estabelecido no
laboratério (COELHO et al., 2001). O isolamento foi realizado por centrifugacdo em
gradiente discontinuo de Percoll. Para isso, foram preparadas quatro solucdes de
diferentes concentragcdes de Percoll diluido em solucdo balanceada de Hanks, a 72%,
63%, 54% e 45%. Um volume de 2 mL de cada uma das solug¢des foi cuidadosamente
transferido para tubo de ensaio de 15 mL de forma que as solugdes ficassem dispostas
em ordem crescente de concentra¢do, com a solugdo mais concentrada (72%) no fundo e
a menor (45%) no alto do tubo. Em seguida, sangue venoso foi coletado por puncio e
transferido para tubo de ensaio contendo solucdo de EDTA 5% em PBS, na propor¢édo
de 20 mL de sangue para cada 1 mL de solu¢do de EDTA. O sangue (2 mL) foi entdo
transferido para os tubos com os gradientes e centrifugado a 500 x g, por 30 minutos, a
temperatura ambiente, e com baixa aceleracdo e desaceleracdo. Ao final da
centrifugacdo, os neutréfilos formam um anel na interface entre as solugdes de 63% e
72%. Este anel foi cuidadosamente coletado e transferido para um tubo de 15 mL. A
este tubo foi adicionada solucao de cloreto de amdnio (tampao de lise de hemacias) para
a eliminacdo de hemdcias contaminantes. O tubo foi centrifugado a 450 x g por 10
minutos, o sobrenadante descartado e o pellet (neutréfilos) ressuspenso em solugdo
balanceada de Hanks. O tubo foi entdo novamente centrifugado (450 x g, 10 minutos), o
sobrenadante descartado e o pellet contendo os neutrdfilos finalmente ressuspenso em
meio de cultura RPMI-1640. O nimero de células recuperadas foi determinado por
contagem em camara de Neubauer. A pureza da preparagéo foi avaliada por contagem

diferencial em laminas de citocentrifuga coradas com Panético. A viabilidade das
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células foi determinada por contagem em camara de Neubauer utilizando solucdo de
azul de trypan. Nos experimentos descritos, a viabilidade celular foi sempre superior a

99% e a pureza maior que 95%.

3.2. Tratamento in vitro dos neutrofilos isolados. Os neutrofilos, isolados como
descrito acima, foram incubados em meio RPMI-1640 a uma densidade de 10° células
por mL, na presenca de LPS (10 pg/mL), por 1 hora a 37°C. Para os experimentos
utilizando os inibidores farmacoldgicos, as células foram pré-incubadas com o inibidor
seletivo da iNOS, 1400W (30 uM, diluido em meio de cultura), o inibidor seletivo da
guanilato ciclase, ODQ (10 uM, diluido em DMSO), ou o inibidor seletivo da proteina
quinase G, KT 5823 (3 pM, diluido em DMSO), ou seus respectivos veiculos, por 30
minutos a 37°C antes da adigdo de LPS. As concentracdes dos inibidores foram
determinadas em experimentos preliminares de quimiotaxia in vitro (Figura 6). Nestes
experimentos também observamos que os inibidores sozinhos nio possuem influéncia
sobre a quimiotaxia de neutré6filos in vitro (Figura 6). Em outra série de experimentos,
as células foram tratadas como descrito acima, sendo estimuladas com LTA (10 pg/mL)
ao invés de LPS. Em um grupo determinado de experimentos, as células foram
incubadas com o ativador de guanilato ciclase, BAY 41-2272 (30 puM, diluido em
DMSO), por 1 hora a 37°C. Para todos os tratamentos, apds o periodo de incubacdo com
os estimulos, as células foram lavadas e ressupensas em meio RPMI-1640 para serem

usadas nos ensaios descritos abaixo.
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Figura 6. Curvas concentracdo-efeito para os diferentes inibidores farmacologicos utilizados.
Neutréfilos humanos isolados foram incubados por 30 minutos com o inibidor seletivo de iNOS, 1400W
(10 ou 30 pM, painéis A e B), o inibidor seletivo de GC, ODQ (3 ou 10 uM, painéis C e D), ou o inibidor
seletivo de PKG, KT 5823 (3 ou 10 uM, painéis E e F). Em seguida, as células foram incubadas por 1
hora com LPS (10 pg/mL) ou mantidas em meio (RPMI). As células foram ent@o utilizadas em ensaio de
quimiotaxia em camara de Boyden para avaliacdo da resposta quimiotética a IL-8 (30 nM, painéis A, C e
E) ou ao fMLP (10'6 M, painéis B, D e F). Células ndo tratadas com inibidores e ndo estimuladas com
LPS foram utilizadas como controle. Os dados representam média + E.P.M. do nimero de neutréfilos por
campo em microscopia 6tica com aumento de 1000X. * indica diferenca significativa em relacdo a
resposta quimiotatica do controle ndo tratado e ndo estimulado (RPMI, segunda barra de cada gréfico).
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3.3. Ensaio de quimiotaxia em cdmara de Boyden. Para avaliacio da resposta
quimiotdtica de neutréfilos, foi utilizado o ensaio de quimiotaxia em camara de Boyden
de 48 pogos (Neuroprobe Inc.). Nesta metodologia, 27,5 pulL do estimulo quimotatico
sdo adicionados aos pocos inferiores da camara. Os neutréfilos tratados como descrito
(5 x 10* células em 50 pL) foram adicionados nos pogos superiores da cimara. Os pogos
inferiores, contendo os estimulos quimiotiticos e os pogos superiores com as células
foram separados por um filtro de policarbonato com poros de 5 pm de didmetro
(Neuroprobe Inc.). A camara foi incubada por 1 hora a 37°C. Apéds a incubacio, o filtro
foi retirado cuidadosamente da cdmara e lavado em solucdo salina para retirada das
células que ndo migraram (que ficam na parte superior do filtro). O filtro foi entdo
fixado e corado utilizando o kit “Diff-Quick” (Baxter Travenol Laboratories). Os
estimulos quimiotaticos utilizados foram IL-8 (30 nM), fMLP (10’6 M) e LTB,4 (10'7 M).
As concentracdes dos estimulos foram escolhidas com base em experimentos anteriores
do laboratério e concentragdes utilizadas em ensaios similares reportados na literatura.
O numero de neutréfilos que migraram em resposta aos estimulos foi determinado por
contagem, em microscépio 6tico sob aumento de 1000X, de pelo menos cinco campos
escolhidos aleatoriamente. Cada um dos pontos experimentais foi feito em triplicata e
cada experimento foi repetido pelo menos trés vezes. Os resultados sdo apresentados

como média * erro padrdo da média (E.P.M.) do nimero de neutréfilos por pogo.

3.4. Dosagem de GMP ciclico. Para a determinacdo dos niveis intracelulares de GMP
ciclico, foi utilizado um kit comercial de dosagem por ELISA competitivo (Amersham
Biosciences). As células tratadas como descrito acima (106 células) foram centrifugadas,
ressuspensas em 180 pulL de meio de cultura e imediatamente congeladas. As amostras

congeladas foram mantidas a -20°C até o momento da dosagem. No momento da
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dosagem, as amostras foram descongeladas e 20 pL. do tampdo de lise do kit foram
adicionados. As amostras foram dosadas em quadruplicata e o contetido de GMP ciclico
determinado seguindo exatamente o protocolo recomendado pelo fabricante. Os
resultados obtidos estdo expressos como média + E.P.M. do conteiido de GMPc (fmol

por 10° células).

3.5. Citometria de fluxo. Para determinacio da expressdo de receptores na membrana
dos neutréfilos, foi utilizada a metodologia de citometria de fluxo. Para isso,
imediatamente apds a incubac¢do com LPS, os neutréfilos (10° células) foram fixados
com solu¢do de paraformaldeido a 1% em PBS, por 20 minutos no gelo. Apds a fixagdo,
as células foram lavadas em tampdo de FACS (BSA 2%, SFB 5%, azida sédica 0.1%
em PBS) e ressupendidas em 50 pL. do mesmo tampdo. Os anticorpos especificos
marcados com fluorescéncia ou seus respectivos controles de isotipo foram adicionados
na diluicdo de 1:100. As amostras foram incubadas no gelo por 40 minutos, lavadas
extensivamente em tampao de FACS e ressupensas em 400 pL. do mesmo tampao. Para
a determinagdo da expressdo do receptor de baixa afinidade para fMLP (FPRLI1) foi
necessario um passo a mais, pois o anticorpo utilizado ndo estd acoplado a fluordforo.
Neste caso, apds a fixacdo e lavagem das células, o anticorpo primério foi incubado
overnight a 4°C, na diluicdo de 1:50. Apds lavagem em tampao de FACS, o anticorpo
secundario marcado com FITC foi incubado por 2 horas a 4°C, na dilui¢do de 1:50.
Ap6s extensiva lavagem em tampdo de FACS, as células foram ressupensas em 400 pL
do mesmo tampdo. As amostras foram adquiridas utilizando FACScalibur (BD
Biosciences) e analisadas com auxilio do programa FCS Express V3 para Windows
(Denovo Software). Os anticorpos utilizados foram: IgG murino anti-CXCR2 humano

marcado com PE (BD Biosciences), [gG murino anti-BLT1 humano marcado com PE
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(BD Biosciences), IgG murino marcado com PE (isotipo controle, BD Biosciences),
IgG murino anti-FPRL1 (gentilmente cedido pela Profa. Iolanda M. Fierro, DFP —

UERYJ) e IgG anti-IgG murino marcado com FITC (Sigma).

3.6. Citoquimica. A técnica de citoquimica foi utilizada para determinar (a) a resposta
dos neutrdéfilos aos estimulos quimiotaticos com relagdo a mobilizacdo do citoesqueleto
de actina; e (b) a producdo de 6xido nitrico pelos neutréfilos em resposta a estimulacéo
com LPS.

3.6.1. Mobilizacdo do citoesqueleto de actina. A mobilizagdo do citoesqueleto de actina
em resposta aos estimulos quimiotiticos foi determinada por reacdo com faloidina
marcada com TRITC. Para isso, os neutréfilos (105 células) incubados como descrito
acima, foram incubados por 5 minutos a 37°C, na auséncia ou presenca dos estimulos
(IL-8 ou fMLP ) e imediatamente citocentrifugados. As ldminas foram em seguida
fixadas em solugdo de paraformaldeido a 4% em PBS, por 20 minutos a temperatura
ambiente. Apés a fixacdo, as laminas foram lavadas com PBS e permeabilizadas pela
incubacdo com solugdo de Triton X-100 0,1% em PBS por 5 minutos a temperatura
ambiente. As laminas foram imediatamente lavadas com PBS seguindo-se do bloqueio
dos sitios inespecificos por incubagdo com BSA 2% por 30 minutos a temperatura
ambiente. Em seguida as ldminas foram incubadas com faloidina-TRITC (1:1000 em
PBS) por 90 minutos a temperatura ambiente. Apds lavagem extensiva em PBS, as
laminas foram montadas com solu¢do de N-propil-galacto (20mM em PBS contendo
20% glicerol) e laminula. As imagens foram adquiridas em microscopia de
fluorescéncia (Olympus BX40).

3.6.2. Produgdo de oxido nitrico. A producdo de 6xido nitrico por neutréfilos em

resposta ao estimulo com LPS foi determinada por reagdo com a sonda DAF-FM
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(Invitrogen), uma sonda especifica que fluoresce em verde quando na presenca de 6xido
nitrico. Para isso, os neutrdfilos foram isolados de sangue periférico humano e
ressupendidos em solugio balanceada de Hanks sem arginina. As amostras foi
adicionada a sonda DAF-FM na concentragéo final de SmM e incubadas por 40 minutos
a 37°C. Apds a incubacio, as células foram lavadas, ressuspendidas em meio de cultura
com arginina e estimuladas com LPS por 1 hora. Apds este periodo, as células foram
citocentrifugadas e imediatamente fixadas com paraformaldeido 1% em PBS por 20
minutos. Apés a fixagdo, as células foram lavadas e marcadas com DAPI para a
visualizac¢do do nucleo celular. As laminas foram montadas com laminula e as imagens

adquiridas em microscopia de fluorescéncia.

3.7. Imunofluorescéncia. A técnica de imunofluorescéncia foi utilizada para determinar
(a) a resposta dos neutréfilos aos estimulos quimiotiticos com relacdo a ativagdo de
proteinas tirosina quinases; e (b) o nivel de expressdo da quinase tipo 2 de receptores
acoplados a proteina G (GRK?2).

3.7.1. Contetido total de fosfotirosina. A ativacdo de proteinas tirosina quinase em
resposta a estimulos quimiotaticos foi determinada indiretamente pela avaliacdo do
contetddo celular total de proteinas fosforiladas em residuos de tirosina. Para isso, as
células foram citocentrifugadas, fixadas e permeabilizadas exatamente como descrito
acima. Apds o bloqueio dos sitios inespecificos com solucdo de BSA, as 1aminas foram
incubadas com anticorpo anti-fosfotirosina (IgG murina anti-fosfotirosina, 1:50 em
PBS, Santa Cruz Biotechnology) por 18 horas a 4°C em camara timida. Apds esta
incubacdo, as laminas foram lavadas com PBS e incubadas por 2 horas com anticorpo

secundario marcado com FITC. Apds este periodo, as 1aminas foram lavadas com PBS e
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montadas com N-propil-galacto e laminula como descrito acima. As imagens foram
adquiridas em microscopia de fluorescéncia (Olympus BX40).

3.7.2. Expressdo de GRK2. A expressdo de GRK2 em neutréfilos estimulados com LPS
foi determinada por imunofluorescéncia. Para isso, as células foram citocentrifugadas,
fixadas e permeabilizadas exatamente como descrito acima. Apds o bloqueio dos sitios
inespecificos com solucdo de BSA, as laminas foram incubadas com anticorpo anti-
GRK2 humano (IgG de coelho anti-GRK2 humano, 1:200 em PBS, Santa Cruz
Biotechnology) por 18 horas a 4°C em camara timida. Apds esta incubagdo, as laminas
foram lavadas com PBS e incubadas por 2 horas com anticorpo secunddrio marcado
com AlexaFluor 594 (Invitrogen). Apds este periodo, as laminas foram lavadas com
PBS, marcadas com DAPI (para a visualiza¢do do niicleo celular) e montadas com N-
propil-galacto e laminula como descrito acima. As imagens foram adquiridas em
microscopia de fluorescéncia (Olympus BX40) e analisadas utilizando o programa

Image J (Wayne Rasband, NIH).

3.8. Eletroforese e westernblotting. Para determinacdo da expressio de GRK2 em
neutréfilos estimulados com LPS, também foi utilizada a técnica de westernblotting.
Ap6s a estimulagio dos neutréfilos (4 x 10° células), estas foram centrifugadas e
imediatamente lisadas em tampdo de lise fervendo (1% SDS, 1mM ortovanadato,
10mM Tris, pH 7.4). As amostras foram fervidas por 3 minutos, sonicadas por 30
segundos e novamente fervidas por mais 2 minutos. As amostras foram entdo
armazenadas a -20°C até sua utilizacdo. A quantidade de proteina nas amostras foi
determinada pelo método de Bradford (BRADFORD, 1976), a partir de uma aliquota de
5 uL, diluida 1:10 em PBS. As amostras descongeladas foi adicionado tampdo de

amostra (Tris-HCI 50 mM, pH 6,8, SDS 1%, B-mercaptoetanol 5%, glicerol 10%, azul
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de bromofenol 0,001%) e fervidas novamente por 3 minutos. As amostras (30 pg de
proteina) foram separadas por eletroforese desnaturante em gel de poliacrilamida a 10%
(150 V, 25 mA por 90 minutos) e em seguida transferidas para membrana de difluoreto
de polivinilideno (PVDF, Hybond-P, Amersham Biosciences) por eletrotransferéncia
(15 V, 328 mA por 1 hora). A eficiéncia da transferéncia foi avaliada pela coloracio da
membrana com vermelho de Ponceau. Apds lavagem em 4dgua para retirada do corante,
a membrana foi entdo incubada por 1 hora a temperatura ambiente em solugdo de
bloqueio (BSA 5%, Tween-20 0,5% em PBS). Em seguida, a membrana foi incubada
por 18 horas a 4°C com anticorpo primério diluido 1:1000 em PBS contendo BSA 2% e
Tween-20 0,5%. Apés a incubacdo com o anticorpo primdrio, a membrana foi lavada 3
vezes (10 minutos cada lavagem) em PBS contendo Tween-20 0,5% (T-PBS). A
membrana foi em seguida incubada por 2 horas com anticorpo secundario acoplado a
peroxidase, diluido 1:10000 em T-PBS. As membranas foram entdo lavadas com T-PBS
(3 lavagens de 10 minutos), secas e incubadas com solug¢do de quimioluminescéncia
(Super Signal® West Pico ECL Substrate, Pierce). A visualizacdo das bandas reativas
foi feita por exposi¢do da membrana a filme radiogrifico e revelacdo em maquina

reveladora. As imagens foram captadas e analisadas usando o programa Image].

3.9. Animais e procedimentos in vivo. Os animais utilizados neste projeto foram
camundongos isogénicos da linhagem C57/BL6, machos ou fémeas com 6 a 8 semanas
de idade, pesando entre 18 e 22 g. Os animais foram criados em condi¢do livre de
patogenos especificos (specific pathogen free, SPF), mantidos em ciclo claro-escuro de
12 horas, com livre acesso a ragdo industrializada para roedores (Nuvital) e 4gua. Todos
os procedimentos utilizados foram aprovados pelo Comité de Etica no Uso de Animais

(CEUA) da Faculdade de Medicina de Ribeirdo Preto (FMRP-USP).
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3.9.1. Modelo experimental de sepse. O modelo de sepse utilizado foi o de ligacdo e
perfuragdo do ceco (cecal ligation and puncture, CLP). Este procedimento é considerado
um dos melhores modelos experimentais de sepse (HUBBARD et al., 2005; BURAS et
al., 2005; NEMZEK et al., 2008) e causa uma peritonite aguda, cuja gravidade pode ser
controlada pelo nimero de perfuragdes feitas no ceco do animal e/ou pelo didmetro da
agulha utilizada para realizar as perfuragdes (BENJAMIM et al., 2000). No presente
estudo, foram utilizados dois diferentes procedimentos de CLP, um CLP letal (L-CLP),
onde todos os animais morrem da infeccdo dentro das primeiras 48 horas, e um CLP
subletal (SL-CLP), onde os animais desenvolvem uma peritonite aguda controlada, cuja
sobrevida é de 100%. Em ambos os procedimentos, os animais foram pesados e
anestesiados com tribromoetanol (250 mg/Kg). Apds a tricotomia e antissepsia da
regido abdominal, foi feita uma incisdo de aproximadamente 1 cm por onde o ceco foi
exposto. Com uma linha, a juncdo entre o célon e o ceco foi parcialmente ocluida e
foram feitas no ceco duas perfuracdes com agulha 16G (L-CLP) ou quatro perfuracdes
com agulha 21G (SL-CLP). Em seguida o ceco foi recolocado na cavidade abdominal, a
incis@o suturada com fio de nylon 5-0 e a ferida foi limpa com dlcool iodado. Os
animais receberam entfo injecdo s.c. de 1 mL de salina para reposicdo hidrica e foram
mantidos aquecidos até a completa recuperagdo da anestesia. Animais que tinham o
ceco exposto, mas ndo ligado nem perfurado foram utilizados como controle do
procedimento cirdrgico (SHAM).

3.9.2. Protocolo de pré-tratamento. Para a avaliagdo do efeito da inibicdo da sintese de
NO ou da inibicdo da ativagcdo de GC no modelo de CLP, os animais foram pré-tratados
com 1400W (3 mg/Kg, s.c.) ou ODQ (5 pumol/Kg, s.c.), 30 minutos antes do

procedimento de CLP. O 1400W foi diluido em salina estéril e o ODQ em salina
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contendo DMSO 1%. Animais que receberam apenas veiculo foram utilizados como
controle.

3.9.3. Protocolo de pos-tratamento 1. Para a avalia¢do do efeito da inibicdo da ativacdo
de GC em animais com sepse, os animais foram tratados com duas injecdes s.c. de ODQ
(5 pmol/Kg), 3 e 12 horas apds o procedimento de CLP. O ODQ foi diluido em salina
contendo DMSO 1%. Animais que receberam apenas veiculo foram utilizados como
controle.

3.9.4. Protocolo de pdos-tratamento II. Um segundo protocolo de pds-tratamento
também foi utilizado para a avaliagdo do efeito da inibicdo da ativagdo de GC em
animais com sepse. Neste protocolo, os animais foram tratados com trés injecoes s.c. de
ODQ (5 umol/Kg), 3, 12 e 24 horas apds o procedimento de CLP. O ODQ foi diluido
em salina contendo DMSO 1% e animais que receberam apenas veiculo foram

utilizados como controle.

3.10. Avaliagdo da migragdo in vivo. Para avaliar a migragdo de neutréfilos in vivo, foi
feita a lavagem da cavidade peritoneal com 3 mL de PBS-EDTA estéril (ImM EDTA
em PBS), 6 horas ap6s o procedimento cirurgico. O nimero total de células recuperadas
da cavidade foi determinado em cimara de Neubauer. A contagem diferencial para
determinacdo da propor¢do de neutréfilos no lavado foi feita em preparacdes de
citocentrifuga coradas com pandtico. A partir da contagem diferencial e o nimero total

de células, o numero total de neutréfilos na cavidade foi determinado.

3.11. Cultura de bactérias e enumeragdo de unidades formadoras de colonia (UFC).
O grau de infec¢do foi determinado através da enumeragdo do nimero de UFCs

presentes no lavado peritoneal e sangue dos animais submetidos ao CLP, 6 horas apds a
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cirurgia. Para isso, aliquotas de 10 uL do lavado peritoneal (coletado como descrito
acima) ou de sangue venoso anti-coagulado com heparina, foram diluidas seriadamente
em salina estéril. Em seguida, 10 uL da dilui¢éo de 10’6, para amostras de lavado, e 10’2,
para amostras de sangue, foram dispersos em placas contendo Agar Miiller-Hinton. As
placas foram incubadas por 18 horas em estufa a 37°C e, em seguida, o niimero de
colonias formadas foi determinado. Para culturas onde ndo houve crescimento
bacteriano, novas culturas foram feitas a partir das mesmas amostras mantidas a 4°C,
utilizando uma diluicdo 100 vezes menor. O nimero de UFCs foi calculado e os
resultados sdo expressos como o logaritmo do nimero de UFCs por cavidade (para o

lavado peritoneal) ou por mL (para sangue).

3.12. Ensaio de mieloperoxidase (MPQO). A quantificagdo do acimulo de neutréfilos no
pulméo dos animais submetidos ao CLP foi determinado pelo ensaio da atividade da
mieloperoxidase em homogeneizados de pulmao obtidos 6 horas apds inducdo da sepse
(ALVES-FILHO et al., 2004). Para isso, apds perfusdo com salina, o pulméo de cada
animal foi coletado e transferido para tubos de microcentrifuga de 2 mL com fundo
chato, contendo 200 pL. de tampdo 1 gelado (NaCl 0,1 M, EDTA 0,012 M, em tampao
fosfato pH 4.7). Estas amostras foram mantidas congeladas até a preparacio da amostra.
Ap6s descongelamento, o tecido foi homogeneizado com o auxilio de triturador
(Pollytron). O material homogeneizado foi em seguida centrifugado a 3.000 r.p.m. por
15 minutos a 4°C. O sobrenadante foi descartado e um choque hipotodnico foi realizado
no sedimendo celular através da adicdo de 600 pl de NaCl 0,2%, seguido da adicdo de
600 pl de uma solugdo de NaCl 1,6% e glicose 5%. Depois de nova centrifugacdo a
3000 r.p.m. por 15 minutos a 4°C, o sobrenadante foi descartado e o sedimento foi

ressuspenso em 500 pL de tamp@o 2 (tampao fosfato pH 5.4, contendo 0,5% de brometo
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de hexadeciltrimetilamonio, H-TAB) e novamente homogeneizado. Em seguida, as
amostras sofreram trés ciclos de congelamento e descongelamento em nitrogénio
liquido com posterior centrifugacdo a 13.000 r.p.m. por 15 minutos a 4°C. Apds a
centrifugacdo, aliquotas de 3 pL do sobrenadante das amostras foram colocadas em
placa de 96 pocos para o ensaio. Em cada pogo foram entdo adicionados 25 pL de
solugdo de TMB (3, 3’,3,3-tetrametilbenzidina, 3,84 mg/mL em DMSO, concentracdo
final no pogo de 1,6 mM) e a placa foi incubada por 5 minutos a 37°C. Apds este
periodo, 100 pL de H>O; (concentragdo final de 0,05 mM) foram adicionados nos pogos
e a placa foi incubada por mais 5 min a 37 °C. A seguir a reacdo foi interrompida pela
adi¢do de 75 uL de uma solucdo de 4cido sulfiirico 4 M. A placa foi levada para o leitor
de placas e a intensidade da reag¢do foi determinada pela absorbancia a 450 nm. A
estimativa do nimero de neutrdfilos em cada amostra foi feita comparando o resultado
das amostras com uma curva padrdo de neutréfilos obtidos da cavidade peritoneal de
camundongos 6 horas apds a injecdo de carragenina. A estimativa final do ndmero de
neutréfilos por mg de tecido foi feita a partir dos resultados da reagdo e o peso das
amostras de pulmao (determinado no momento da coleta das amostras). Os resultados

sdo expressos como média + E.P.M. do nimero de neutrdfilos por mg de tecido.

3.13. Reagentes. Percoll e todos os reagentes para eletroforese foram obtidos da
Amersham Biosciences. Dimetilsulféxido (DMSO), 4cido lipoteicdico (LTA) de
Staphylococcus aureus, lipopolissacarideo (LPS) de Escherichia coli (sorotipo
0111:B4), faloidina conjugada a rodamina, IL.-8, N-formil-metionil-leucil-fenilalanina
(fMLP), albumina sérica bovina (BSA), brometo de hexadeciltrimetilamonio (H-TAB) e
3,3’,3,3-tetrametilbenzidina (TMB) foram obtidos da Sigma. S5-ciclopropil-2-[1-(2-

fluoro-benzil)-1H-pirazolo[3,4-b]piridina-3-yl]pirimidina-4-ilamine (BAY 41-2272) foi
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obtido da Calbiochem. Dihidrocloreto de N-[[3-(aminometil)fenil]metil]-etanimidamida
(1400W), 1H-(1,2,4)oxadiazolo(4,3-a)quinoxalin-1-one (ODQ), ester metilico do 4cido
(9S,10R,12R)-2,3,9,10,11,12-hexahidro-10-metoxi-2,9-dimetil-1-0x0-9, 12-epoxi- 1 H-

diindolo[1,2,3-fg:3',2',1'-kl]pirrolo[3,4-i] [1,6]benzodiazocine-10-carboxilico (KT5823)
e leucotrieno B4 foram obtidos da Tocris Biosciences. DAF-FM e DAPI foram obtidos
da Molecular Probes. Meios de cultura RPMI-1640 e Miiller-Hinton foram obtidos da
Gibco. Todos os demais sais e solugdes foram obtidos da VETEC ou outras empresas de

fornecimento de produtos quimicos de qualidade laboratorial.

3.14. Analise estatistica. Todos os tratamentos estatisticos dos dados e plotagem dos
gréaficos foram feitos com auxilio do programa GraphPad Prism 4 para Windows. Para
andlise estatistica entre mais de dois grupos foi utilizado andlise de varidncia (ANOVA)
com pos-teste de Bonferroni, exceto para os dados de quantificacdo do nimero de
UFCs, onde foi utilizado o teste de Mann-Whitney. Para comparagdo entre dois grupos
foi utilizado o teste t. As diferencas de sobrevida entre grupos foram avaliadas
utilizando o teste de Fisher. Foram consideradas estatisticamente significativas as

diferencas onde P < 0,05.
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4. RESULTADOS

4.1. Efeito do LPS sobre a resposta quimiotdtica de neutréfilos humanos in vitro. Para
melhor entender os mecanismos moleculares envolvidos no estabelecimento da faléncia
de migracdo de neutréfilos na sepse, utilizamos um modelo de estimulacdo in vitro de
neutrofilos isolados. Neste modelo, neutréfilos isolados de doadores saudaveis foram
estimulados com concentracdes crescentes de LPS e, em seguida, utilizados em ensaios
de quimiotaxia em camara de Boyden. Como mostrado na Figura 7, a estimulagdo com
LPS levou a uma diminui¢do da resposta quimiotdtica dos neutrdéfilos de maneira
concentracdo-dependente, tendo efeito maximo na concentracio de 10 pg/mL. Esta
inibi¢do de resposta foi observada quando utilizamos fMLP ou IL-8 como estimulo
quimiotatico (Figura 7, painéis A e B, respectivamente). Ainda para caracterizar o
estado de hiporresponsividade destas células, avaliamos sua capacidade de mobilizacdo
do citoesqueleto de actina em resposta ao fMLP ap6s a estimulagdo com LPS. Como
mostrado na Figura 7 (painel C), a estimulacdo com LPS inibiu a mobiliza¢do do
citoesqueleto de actina em resposta ao estimulo. Além disso, avaliamos a ativagdo de
cascatas de sinalizacdo envolvendo proteinas tirosina quinases em resposta ao fMLP.
Como mostrado na figura, o LPS foi capaz de inibir a ativagdo de proteinas tirosina
quinases em resposta a este estimulo, diminuindo o conteido total de tirosina
fosforilada nestas células. Tomados em conjunto, estes dados mostram que, no nosso
modelo, a ativacdo de neutréfilos humanos pelo LPS induz um estado de
hiporresponsividade a estimulos quimiotaticos cldssicos como a IL-8 e o fMLP, sendo
portanto um modelo adequado para o estudo das vias envolvidas no estabelecimento da

faléncia de migracdo de neutr6filos observada na sepse.
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Figura 7. Efeito do LPS sobre a resposta quimiotdtica de neutrdfilos humanos in vitro. Neutr6filos
humanos isolados foram incubados por 1 hora com concentragdes crescentes de LPS (0,1 — 10 pg/mL) ou
mantidas em meio (RPMI). Em seguida, as células foram utilizadas em ensaio de quimiotaxia em cdmara
de Boyden para avaliacio da resposta quimiotatica a IL-8 (30 nM, painel A) ou ao fMLP (10°® M, painel
B). Os dados representam média + E.P.M. do nimero de neutréfilos por campo em microscopia dtica com
aumento de 1000X. * indica diferencga significativa em relagdo a resposta quimiotdtica do controle nao
estimulado com LPS (RPMI). A mobilizacdo do citoesqueleto de actina foi avaliada por citoquimica
utilizando faloidina conjugada a rodamina (painel C). Neutréfilos humanos isolados foram incubados com
LPS (10 pg/mL) por 1 hora e, em seguida estimulados com fMLP (10° M) por 5 minutos ou mantidas em
meio (RPMI). O contetdo de actina polimerizada € identificado pela marcacdo com faloidina (vermelho).
A ativacdo de proteinas tirosina quinase foi avaliada por imunofluorescéncia utilizando anticorpos anti-
fosfotirosina (painel C). Neutr6filos humanos isolados foram incubados com LPS (10 pg/mL) por 1 hora

e, em seguida estimulados com fMLP ( 10 M) por 5 minutos ou mantidas em meio (RPMI). O contetido
total de fosfotirosina € identificado pela marcagdo em verde.
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4.2. Participacdo da via NO-GC-PKG nos efeitos do LPS sobre a quimiotaxia de
neutrdfilos humanos. Estudos prévios demonstram uma importante participagdo do NO
derivado da iNOS no estabelecimento da faléncia de migracdo de neutréfilos. Utilizando
o modelo de estimulagdo in vitro com LPS, avaliamos a participacdo da via NO-GC-
PKG neste processo. Para isso, neutréfilos isolados foram pré-tratados com inibidores
farmacolégicos para cada um dos componentes da via, antes da estimulacdo com LPS.
Como mostrado na Figura 8, a estimulagdo com LPS inibiu a resposta quimiotatica dos
neutréfilos humanos para a IL-8, o LTB4 e o fMLP (Figura 8, painéis A, B e C,
respectivamente). Como esperado, o pré-tratamento dos neutréfilos com 1400W, um
inibidor seletivo da iNOS, foi capaz de reverter o efeito do LPS sobre a migracdo dos
neutréfilos (Figura 8). O pré-tratamento das células com o inibidor seletivo da GC,
ODQ, foi igualmente capaz de reverter o efeito do LPS, bem como o pré-tratamento
com o inibidor seletivo de PKG, KT 5823 (Figura 8). Estes efeitos foram observados

para todos os agentes quimiotaticos utilizados.

4.3. Efeito do LTA sobre a resposta quimiotdtica de neutrdfilos humanos e a
participacdo da via NO-GC-PKG. Recentemente Alves-Filho e colaboradores
demonstraram que a ativagdo de TLR2 por LTA € capaz de inibir a resposta
quimiotatica de neutrdfilos (ALVES-FILHO et al., 2009). No entanto, os mecanismos
moleculares envolvidos ndo foram descritos neste estudo. Desta forma, avaliamos se a
inibi¢do da quimiotaxia pela ativagdo de TLR2 por LTA também envolve a via NO-GC-
PKG. Como mostrado na Figura 9, a estimulacdo de neutr6filos humanos com LTA foi
capaz de inibir a resposta quimiotatica a LTB4 e ao fMLP (Figura 9, painéis A e B,

respectivamente). O pré-tratamento das células com os inibidores da via NO-GC-PKG



55

1 rePmi
s

B
(=]
3

(]
(=]
A

-
o
1

neutroéfilos/campo
N
[=]
[l

RPMI RPMI RPMI 1400W ODQ KT
LPS A

] rPmi
=] LB,

B
S

]
i

neutroéfilos/campo
- N
e i

RPMI RPMI RPMI 1400W ODQ KT
LPS B

1 remi
1 e

~
S

o
e

o
e

™
i

N W
93

neutréfilos/campo
L

2

o

RPMI RPMI RPMI 1400W ODQ KT
LPS c

Figura 8. Participacdo da via NO-GC-PKG nos efeitos do LPS sobre a quimiotaxia de neutrdfilos
humanos. Neutr6filos humanos isolados foram incubados por 30 minutos com o inibidor seletivo de
iNOS, 1400W (30 uM), o inibidor seletivo de GC, ODQ (10 uM), ou o inibidor seletivo de PKG, KT
5823 (3 uM), ou o respectivo veiculo (DMSO 0,1%). Em seguida, as células foram incubadas por 1 hora
com LPS (10 pg/mL) ou mantidas em meio (ctrl). As células foram entdo utilizadas em ensaio de
quimiotaxia em cdmara de Boyden para avaliacdo da resposta quimiotética a IL-8 (30 nM, painel A), ao
LTB4 (107 M, painel B) ou ao fMLP (10'6 M, painel C). Os dados representam média + E.P.M. do
nimero de neutrdfilos por campo em microscopia 6tica com aumento de 1000X. * indica diferenga
significativa em relagdo a resposta quimiotatica do controle nao estimulado com LPS (RPMI).
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Figura 9. Efeito do LTA sobre a resposta quimiotdtica de neutrifilos humanos e a participacdo da via
NO-GC-PKG. Neutréfilos humanos isolados foram incubados por 30 minutos com o inibidor seletivo de
iNOS, 1400W (30 uM), o inibidor seletivo de GC, ODQ (10 uM), ou o inibidor seletivo de PKG, KT
5823 (3 uM), ou o respectivo veiculo (DMSO 0,1%). Em seguida, as células foram incubadas por 1 hora
com LTA (10 pg/mL) ou mantidas em meio (RPMI). As células foram entdo utilizadas em ensaio de
quimiotaxia em cAmara de Boyden para avaliagdo da resposta quimiotatica ao LTB4 (107 M, painel A) ou
ao fMLP (10 M, painel B). Os dados representam média + E.P.M. do niimero de neutréfilos por campo
em microscopia dtica com aumento de 1000X. * indica diferenga significativa em relacdo a resposta
quimiotatica do controle ndo estimulado com LPS (RPMI).
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foi capaz de reverter os efeitos do LTA sobre a resposta de neutrdfilos a ambos os

estimulos quimiotaticos.

4.4. Efeito do LPS sobre os niveis intracelulares de GMP ciclico em neutréfilos
humanos. Tendo observado que a estimulacio de neutréfilos humanos com LPS inibe a
resposta a estimulos quimiotaticos através da ativacio da via NO-GC-PKG, avaliamos o
impacto da estimulacio com LPS sobre os niveis intracelulares de cGMP. Como
mostrado na Figura 10, a estimulagdo de neutréfilos humanos com LPS aumenta o
conteddo intracelular de cGMP. Como esperado, este efeito foi revertido pelo pré-

tratamento das células com inibidores seletivos da iNOS (1400W) e da GC (ODQ).
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Figura 10. Efeito do LPS sobre os niveis intracelulares de GMP ciclico em neutrdfilos humanos.
Neutréfilos humanos isolados foram incubados por 30 minutos com o inibidor seletivo de iNOS, 1400W
(30 uM), ou o inibidor seletivo de GC, ODQ (10 uM). Em seguida, as células foram incubadas por 1 hora
com LPS (10 pg/mL) ou mantidas em meio (RPMI). Os niveis intracelulares de cGMP foram
determinados por ELISA competitivo a partir do extrato de 10° células. Os dados representam média +
E.P.M. da quantidade de cGMP (em fmol) por 10° células. * indica diferenca significativa em relagdo aos
controles nio estimulados com LPS (RPMI).

4.5. Efeito da ativacdo direta da GC sobre a resposta quimiotdtica de neutrifilos

humanos. Para confirmar o envolvimento da ativacido de GC na inibi¢do da migracao de
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neutrofilos, utilizamos um ativador direto desta enzima, o BAY 41-2272. Assim como o
observado para a estimulagdo com LPS, o BAY foi capaz de inibir a resposta dos
neutréfilos a IL-8 e ao fMLP (Figura 11, painéis A e B, respectivamente). Este efeito
parece resultar de uma inibi¢do da resposta quimiotatica das células e ndo de um efeito
toxico da molécula, pois ndo observamos alteracdes de morfologia nas células
incubadas com BAY quando comparadas com as células incubadas apenas com meio ou

veiculo.
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Figura 11. Efeito da ativacdo direta da GC sobre a resposta quimiotdtica de neutrifilos humanos.
Neutréfilos humanos isolados foram incubados por 1 hora com BAY 41-2272 (30 uM) ou mantidas em
meio (RPMI). As células foram entdo utilizadas em ensaio de quimiotaxia em camara de Boyden para
avaliag@o da resposta quimiotatica a IL-8 (30 nM, painel A) ou ao fMLP (10° M, painel B). Os dados
representam média + E.P.M. do nimero de neutréfilos por campo em microscopia ética com aumento de
1000X. * indica diferenca significativa em relacdo a resposta quimiotdtica do controle ndo tratado com
BAY (RPMI).
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4.6. Efeito do LPS sobre a expressdo de CXCR2 em neutrdfilos humanos. A inibicio
da resposta quimiotatica de neutrdfilos pelo estimulo com LPS pode ser resultado da
internalizacdo dos receptores. De fato, estudos anteriores documentam a internalizacéo
do receptor de IL-8, CXCR2, em neutr6filos ap6és o tratamento com LPS
(KHANDAKER et al., 1998; FAN & MALIK, 2003; VAN DEN BLINK et al., 2004).
No entanto, o envolvimento da via NO-GC-PKG neste processo ndo foi estudado.
Avaliamos, portanto, o efeito do LPS sobre a expressdo do CXCR2 em neutréfilos.
Através de ensaio de citometria de fluxo, observamos uma significativa inibi¢do da
expressdao de CXCR2 em neutrdfilos estimulados com LPS (Figura 12). Este efeito foi
revertido pelo pré-tratamento das células com os inibidores da via NO-GC-PKG (Figura

12).

4.7. Efeito do LPS sobre a expressdo de BLT1 em neutréfilos humanos. Como
também observamos uma inibi¢do da resposta dos neutréfilos ao LTB4, avaliamos se a
estimulacdo com LPS também seria capaz de levar a uma diminuic¢do da expressdo do
receptor de LTB4, o BLT1. Como observado para o CXCR2, a estimulacdo de
neutréfilos com LPS levou a uma diminui¢do na expressdo de BLT1 (Figura 13). Este
efeito, mais uma vez, foi revertido pelo pré-tratamento das células com os inibidores da

via NO-GC-PKG.

4.8. Efeito do LPS sobre a expressdo de FPRL-1 em neutrdfilos humanos. Tendo em
vista os efeitos do LPS sobre a expressio de CXCR2 e BLT1, e tendo observado a
inibi¢do da resposta de neutréfilos ao fMLP apés a estimulacdo com LPS, avaliamos a
expressao do receptor de fMLP, FPRL-1, nestas células. Como mostrado na Figura 14, a

estimulacdo com LPS ndo alterou a expressdo deste receptor, sendo observados niveis
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similares do receptor nas células estimuladas com LPS e nas células controle. Ensaios
paralelos foram realizados para avaliar a expressdo de CXCR2 nestas mesmas células e
descartar a possibilidade de baixa atividade na preparacdo de LPS. Como pode ser
observado no insert da Figura 14, o LPS foi capaz de internalizar o CXCR2 (como

descrito anteriormente), embora ndo afetasse a expressao do FPRL-1.

4.9. Efeito do LPS sobre a expressdo de GRK2 em neutrofilos humanos. A
internalizacdo de CXCR2 e BLT1 observada em neutréfilos estimulados com LPS pode
resultar de um aumento na expressao de GRK nestas células. De fato, estudos anteriores
do nosso grupo e de outros mostram que a estimulacdo de neutr6filos com LPS € capaz
de aumentar a expressdo de GRK2 em neutréfilos (ALVES-FILHO et al., 2009; FAN &
MALIK, 2003). Além disso, recentemente demonstramos que neutréfilos isolados de
pacientes com sepse apresentavam maior expressdo de GRK2 e GRKS em relacdo a
neutréfilos isolados de doadores saudaveis (ARRAES et al., 2006). Neste sentido,
avaliamos a expressio de GRK2 em neutrdfilos humanos estimulados com LPS.
Utilizando duas diferentes técnicas, imunofluorescéncia e westernblotting, observamos
um significativo aumento da expressdo de GRK2 em neutréfilos estimulados com LPS
(Figura 15). Este efeito do LPS foi revertido pelo pré-tratamento das células com os

inibidores da via NO-GC-PKG.
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Figura 12. . Efeito do LPS sobre a expressao de CXCR2 em neutréfilos humanos. Neutréfilos humanos
isolados foram incubados por 30 minutos com o inibidor seletivo de iNOS, 1400W (30 uM), o inibidor
seletivo de GC, ODQ (10 uM), ou o inibidor seletivo de PKG, KT 5823 (3 uM), ou o respectivo veiculo
(DMSO 0,1%). Em seguida, as células foram incubadas por 1 hora com LPS (10 pg/mL) ou mantidas em
meio (RPMI). As células foram analisadas por citometria de fluxo para avaliar a expressao do receptor de
IL-8, CXCR2. Os histogramas sdo derivados de um experimento representativo de 4 experimentos
independentes, e mostram o efeito do tratamento com 1400W (superior), ODQ (intermediario), ou KT
(inferior) sobre a internalizagdo de CXCR?2 induzida por LPS. O grifico representa média + E.P.M. da
intensidade média de fluorescéncia (mean fluorescence intensity, MFI) observado em cada um dos
grupos. * indica diferenca significativa em relagdo a expressdo de CXCR2 do controle ndo estimulado
com LPS (RPMI).
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Figura 13. Efeito do LPS sobre a expressdo de BLT1 em neutréfilos humanos. Neutréfilos humanos
isolados foram incubados por 30 minutos com o inibidor seletivo de iNOS, 1400W (30 uM), o inibidor
seletivo de GC, ODQ (10 uM), ou o inibidor seletivo de PKG, KT 5823 (3 uM), ou o respectivo veiculo
(DMSO 0,1%). Em seguida, as células foram incubadas por 1 hora com LPS (10 pg/mL) ou mantidas em
meio (RPMI). As células foram analisadas por citometria de fluxo para avaliar a expressao do receptor de
LTB,, BLT1. Os histogramas sdo derivados de um experimento representativo de 4 experimentos
independentes, e mostram o efeito do tratamento com 1400W (superior), ODQ (intermediario), ou KT
(inferior) sobre a internalizacdo de BLT1 induzida por LPS. O grifico representa média + E.P.M. da
intensidade média de fluorescéncia (mean fluorescence intensity, MFI) observado em cada um dos
grupos. * indica diferenca significativa em relacdo a expressdao de BLT1 do controle ndo estimulado com
LPS (RPMI).
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Figura 14. Efeito do LPS sobre a expressao de FPRL-1 em neutrifilos humanos. Neutr6filos humanos
isolados foram incubados por 1 hora com LPS (10 pg/mL) ou mantidos em meio (RPMI). As células
foram analisadas por citometria de fluxo para avaliar a expressdo do receptor de fMLP, FPRL-1. O
histograma € derivado de um experimento representativo de 4 experimentos independentes, € mostra o
efeito do LPS sobre a expressdo de FPRL-1 em neutréfilos. O gréfico representa média = E.P.M. da
propor¢do de células FPRL-1 positivas observadas em cada um dos grupos. O insert mostra um

experimento paralelo onde o efeito do LPS foi testado através da sua capacidade de internalizagdo do
CXCR2.
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Figura 15. Efeito do LPS sobre a expressdo de GRK2 em neutrdfilos humanos. Neutr6filos humanos
isolados foram incubados por 30 minutos com o inibidor seletivo de iNOS, 1400W (30 uM), o inibidor
seletivo de GC, ODQ (10 uM), ou o inibidor seletivo de PKG, KT 5823 (3 uM), ou o respectivo veiculo
(DMSO 0,1%). Em seguida, as células foram incubadas por 1 hora com LPS (10 pg/mL) ou mantidas em
meio (RPMI). As células foram analisadas por imunofluorescéncia (painel superior) ou westernblotting
(painel inferior) para avaliar a expressdo de GRK?2. (Painel superior) As imagens sdo derivadas de um
experimento representativo de 3 experimentos independentes, e mostram o efeito do tratamento com
1400W, ODQ, ou KT sobre a expressio de GRK2 induzida por LPS. A marca¢do em vermelho
corresponde a expressdo de GRK2 e a marcagdo em azul, os nicleos celulares marcados com DAPI. O
grifico representa média + E.P.M. da intensidade de fluorescéncia vermelha (expressio de GRK2)
observada em cada um dos grupos. * indica diferenga significativa em relacdo ao grupo controle ndo
estimulado com LPS. (Painel inferior) As imagens sdo derivadas de um experimento representativo de 3
experimentos independentes, e mostram o efeito do tratamento com 1400W (esquerda), ODQ (meio), ou
KT (direita) sobre a expressdo de GRK?2 induzida por LPS. A expressdo de actina foi utilizada como
controle de carregamento. Os numeros representam média + E.P.M. da expressdo relativa de GRK2
quando a expressdo no estado ndo estimulado foi considerada 1. * indica diferenga significativa em
relacdo ao grupo controle nio estimulado com LPS.
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4.10. Efeito da inibicdo da atividade de GC sobre a fungcdo migratoria de neutrifilos
em um modelo experimental de sepse. Tendo demonstrado o envolvimento da via NO-
GC-PKG no estabelecimento da inibicdo da migracdo de neutrdfilos, avaliamos se a
ativacdo desta via estaria ocorrendo in vivo. Utilizando um modelo experimental de
sepse, avaliamos o efeito do tratamento dos animais com o inibidor seletivo de GC,
ODQ, sobre a migracdo de neutréfilos. Animais submetidos ao modelo de CLP subletal
(SL-CLP) desenvolvem uma peritonite branda, com intensa migra¢do de neutr6filos
para a cavidade 6 horas apds o procedimento (Figura 16). Por outro lado, animais
submetidos ao modelo de CLP letal apresentam faléncia da migragdao de neutréfilos,
representada por nimero reduzido de neutrdfilos presentes na cavidade peritoneal
(Figura 16). Em concordincia com estudos anteriores do grupo, o tratamento dos
animais com o inibidor seletivo da iNOS, 1400W, recuperou a capacidade migratéria
dos neutréfilos nos animais submetidos ao CLP letal (Figura 16). Da mesma forma, e
em concordancia com nossos dados in vitro, o tratamento dos animais com o inibidor
seletivo da GC, ODQ, foi capaz de restaurar a migracdo de neutrdfilos para o peritonio
de animais submetidos ao CLP letal (Figura 16). Estes dados sugerem que a via NO-
GC-PKG esta envolvida no estabelecimento da faléncia da migracdo de neutréfilos e

que esta via € ativada in vivo durante o episddio de sepse.

4.11. Efeito da inibicao da atividade de GC sobre o controle da infeccdo em um
modelo experimental de sepse. Estudos anteriores do nosso grupo mostram que a
utilizagdo de inibidores da sintese de NO na sepse € limitado, pelo menos em parte, por
interferir com a capacidade de controle da infec¢do (BENJAMIM et al., 2002). Neste
sentido, avaliamos o efeito do tratamento com ODQ sobre o controle da infec¢do

bacteriana no modelo de CLP. Animais submetidos ao CLP sub-letal ndo apresentaram
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Figura 16. Efeito da inibicdo da atividade de GC sobre a fungdo migratoria de neutrifilos em um
modelo experimental de sepse. Quantificacdo do nimero de neutréfilos recuperados da cavidade
peritoneal 6 horas apés o procedimento de liga¢do e perfura¢do do ceco (CLP). O gréfico representa a
média + E.P.M. do nimero de neutréfilos por cavidade em animais submetidos a sepse subletal (SL-
CLP), a sepse letal (L-CLP), ou a sepse letal apds tratamento com 1400W ou ODQ. Nos grupos tratados,
os animais receberam uma dose de 1400W (3 mg/Kg) ou ODQ (5 pmol/Kg), por via subcutinea, 30
minutos antes do CLP. * indica diferenca significativa em relagdo aos animais submetidos ao SL-CLP. N
= § para cada grupo.

nimero aprecidvel de UFCs na cavidade peritoneal e no sangue, condizente com o
estabelecimento de uma infecc¢do branda e controlada pelo influxo de neutrdfilos para a
cavidade (Figura 17, painéis A e B). Animais submetidos ao CLP letal, por outro lado,
apresentaram ndmero elevado de UFCs na cavidade peritoneal e significativo nimero
de UFCs no sangue, caracterizando uma infeccdo severa sist€émica cujo controle parece
ser prejudicado pelo nimero reduzido de neutréfilos na cavidade (Figura 17, painéis A e
B). A inibi¢do da iNOS pelo tratamento dos animais com 1400W, embora capaz de
recuperar a migracdo de neutréfilos para a cavidade, ndo teve efeito significativo sobre
o controle da infeccdo (Figura 17, painéis A e B). Os animais tratados com 1400W
apresentaram contagens de UFCs no lavado peritoneal e sangue similares aos
observados para o grupo controle nio tratado, a despeito de apresentarem numero

significativamente maior de neutrdfilos na cavidade. Este resultado € bastante similar ao
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reportado anteriormente por Benjamim e colaboradores (BENJAMIM et al., 2002), e
sugere uma explicag¢do para a limitagdo do uso de inibidores da sintese de NO na sepse
que seria a interferéncia com a capacidade dos neutrdfilos de eliminar bactérias e
controlar o foco primdrio de infec¢do. Interessantemente, o tratamento dos animais com
ODQ teve significativo impacto sobre o controle da infec¢do. Animais tratados com
ODQ apresentaram contagens significativamente menores de UFCs no lavado
peritoneal quando comparados com o grupo controle ndo tratado ou o grupo tratado com
1400W (Figura 17, painel A). Além disso, ndo fomos capazes de detectar UFCs no
sangue de trés dos cinco animais estudados, sugerindo um eficiente controle do foco

primdrio de infeccao (Figura 17, painel B).

4.12. Efeito da inibicdo da atividade de GC sobre o seqiiestro pulmonar de neutréfilos
em um modelo experimental de sepse. A lesdo pulmonar decorrente da sepse contribui
para a faléncia respiratéria e € geralmente atribuida ao seqiiestro de neutrdfilos ativados
e a liberagcdo de enzimas e radicais citotéxicos no parénquima pulmonar (SATO et al.,
1998; CZERMAK et al., 1999). Procuramos avaliar o impacto da inibicdo da atividade
de GC sobre o seqiiestro de neutrdfilos no tecido pulmonar. Como esperado, animais
submetidos ao CLP letal apresentaram elevada atividade de MPO no tecido pulmonar,
sugestivo de intenso seqiiestro de neutréfilos (Figura 18). O tratamento dos animais com
1400W teve um pequeno impacto sobre o seqiiestro de neutréfilos para o pulmio
(Figura 18). Por outro lado, o tratamento com ODQ reduziu a atividade de MPO no
tecido pulmonar para niveis similares aos observados no grupo controle ndao submetido
ao CLP ou aos observados em animais submetidos a CLP branda ou animais controle

(Figura 18).
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Figura 17. Efeito da inibicdo da atividade de GC sobre o controle da infeccdo em um modelo
experimental de sepse.Quantificacdo do nimero de unidades formadoras de colonia (UFCs) de bactérias
na cavidade peritoneal (painel A) ou no sangue (painel B) 6 horas apds o procedimento de ligacdo e
perfuracdo do ceco (CLP). Os gréficos representam o logaritmo do nimero de UFCs e a linha demarca a
mediana do nimero de UFCs na cavidade (A) ou sangue (B) de animais submetidos a sepse subletal (SL-
CLP), a sepse letal (L-CLP), ou a sepse letal apds tratamento com 1400W ou ODQ. Nos grupos tratados,
os animais receberam uma dose de 1400W (3 mg/Kg) ou ODQ (5 pmol/Kg), por via subcutinea, 30
minutos antes do CLP. * indica diferenca significativa em relagdo aos animais submetidos ao SL-CLP. N
=5 para cada grupo. N.D.: ndo detectado.

4.13. Efeito do pré-tratamento com inibidor da atividade de GC na sobrevida de
animais submetidos a um modelo experimental de sepse. Tendo em vista a recuperaciao
da capacidade migratdria de neutrdfilos e um melhor controle da infec¢do em animais

tratados com o inibidor da GC, avaliamos o impacto deste tratamento na sobrevida dos
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animais submetidos ao CLP. Como mostrado na Figura 19, animais submetidos ao CLP
letal sucumbiram a infeccdo dentro de 24 horas. Os animais pré-tratados com 1400W
ndo apresentaram melhora na sobrevida, apresentando 100% de mortalidade em 36
horas (P= 0.5288, relativo aos animais ndo tratados, Figura 19). Por outro lado, os
animais pré-tratados com ODQ apresentaram aumento significativo na sobrevida (P=
0.0154, relativo ao grupo ndo tratado), com 50% de sobrevida ao longo de todo o

periodo de observagdo (Figura 19).
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Figura 18. Efeito da inibicao da atividade de GC sobre o segiiestro pulmonar de neutrifilos em um
modelo experimental de sepse. Quantificacdo indireta do nimero de neutréfilos no tecido pulmonar
através do ensaio de atividade de mieloperoxidase. A atividade de MPO no tecido pulmonar foi avaliada 6
horas apds o procedimento de ligacdo e perfuragdo do ceco (CLP). O gréfico representa a média + E.P.M.
do ndmero de neutréfilos por mg de tecido pulmonar, calculado a partir da atividade de MPO em extratos
de pulmio obtidos de animais submetidos a sepse subletal (SL-CLP), a sepse letal (L-CLP), ou a sepse
letal apds tratamento com 1400W ou ODQ. Nos grupos tratados, os animais receberam uma dose de
1400W (3 mg/Kg) ou ODQ (5 umol/Kg), por via subcutanea, 30 minutos antes do CLP. * indica
diferenca significativa em relacdo aos animais submetidos ao SL-CLP. N = 5 para cada grupo.
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Figura 19. Efeito do pré-tratamento com inibidor da atividade de GC na sobrevida de animais
submetidos a um modelo experimental de sepse. Animais foram tratados com 1400W (3 mg/Kg), ODQ
(5 pmol/Kg) ou veiculo (DMSO 1%, L-CLP), por via subcutanea, 30 minutos antes de serem submetidos
ao CLP letal. A sobrevida dos animais foi monitorada por um periodo de 72 horas. Animais submetidos
ao procedimento cirdrgico, mas que ndo tiveram o ceco ligado nem perfurado foram utilizados como
controles (SHAM). N = 7 para cada grupo.

4.14. Efeito do pos-tratamento com inibidor da atividade de GC na sobrevida de
animais submetidos a um modelo experimental de sepse. Avaliamos por fim o impacto
da inibi¢do da atividade de GC em um modelo que melhor mimetiza o contexto clinico
da sepse. Neste modelo, animais submetidos ao CLP letal foram tratados com ODQ
ap6s o estabelecimento da infec¢do. Em um primeiro protocolo de, os animais foram
tratados com duas doses de ODQ, 3 e 12 horas apds o procedimento de CLP. Neste
protocolo, apds 24 horas do procedimento, os animais tratados apresentaram 50% de
sobrevida enquanto que, neste mesmo periodo, os animais ndo tratados apresentaram
100% de mortalidade (Figura 20, painel A). Nas 24 horas seguintes, a sobrevida dos
animais tratados com ODQ declinou para 16,7%, ndo atingindo significincia estatistica

(P=0.1461, relativo ao grupo controle nao tratado, Figura 20). Decidimos entdo usar um
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segundo protocolo onde os animais foram tratados com uma terceira dose de ODQ em
24 horas (total de 3 doses, em 3, 12 e 24 horas ap6s o procedimento) (Figura 20, painel
B). Neste protocolo, o grupo nio tratado apresentou 100% de mortalidade dentro de 36
horas, enquanto que a sobrevivéncia dos animais tratados foi mantida em 40% ao longo
de todo o periodo de observacdo (96 horas), sendo significativamente maior (P= 0.0325,

em relacdo ao grupo controle ndo tratado) (Figura 20, painel B).
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Figura 20. Efeito do pos-tratamento com inibidor da atividade de GC na sobrevida de animais
submetidos a um modelo experimental de sepse. (Painel A) Animais foram tratados com 1400W (3
mg/Kg), ODQ (5 pmol/Kg) ou veiculo (DMSO 1%, L-CLP), em duas doses subcutaneas, 3 e 12 horas
ap6s serem submetidos ao CLP letal — protocolo I. N = 7 para cada grupo. (Painel B) Animais foram
tratados com 1400W (3 mg/Kg), ODQ (5 pmol/Kg) ou veiculo (DMSO 1%, L-CLP), em trés doses
subcutineas, 3, 12 e 24 horas apds serem submetidos ao CLP letal — protocolo II. A sobrevida destes
animais foi monitorada por um periodo de 72 a 96 horas. Animais submetidos ao procedimento cirurgico,
mas que ndo tiveram o ceco ligado nem perfurado foram utilizados como controles (SHAM). N = 10 para
cada grupo.
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5. DISCUSSAO

5.1. Resultados in vitro

No presente estudo avaliamos as vias de sinalizagdo envolvidas no
estabelecimento da disfun¢@o de migragdo de neutréfilos na sepse. Estudos anteriores de
nosso grupo e outros descrevem uma inabilidade dos neutréfilos em responder a
estimulos quimiotaticos durante a sepse (ALVES-FILHO ef al., 2008; REDDY &
STANDIFORD, 2010). Parte destes estudos demonstra também a participagdo do NO
neste fendmeno (ALVES-FILHO et al., 2008; REDDY & STANDIFORD, 2010). No
entanto, as vias de sinalizacdo disparadas pelo NO em neutrdfilos e que contribuem para
o estabelecimento deste estado ainda ndo foram descritas. Mais especificamente, a
participacdo da via GC-cGMP-PKG, a via cléssica de sinalizacdo do NO, neste processo
nunca foi demonstrada.

Usando um sistema de estimulag@o in vitro de neutréfilos humanos com ligantes
de TLR pudemos descrever a participagdo da via NO-GC-PKG na faléncia da migracdo
de neutréfilos. Observamos que os neutrdfilos incubados in vitro com LPS (um ligante
de TLR4) ou LTA (um ligante de TLR2) apresentavam uma sensivel diminui¢do da sua
capacidade migratdria in vitro. A inibi¢do farmacoldgica da iNOS neste sistema foi
capaz de bloquear os efeitos do LPS, de acordo com as observagdes feitas com
neutrdfilos isolados de pacientes. Desta forma, entendemos que nosso modelo, embora
simplista, guarda similaridades com o quadro observado na sepse, pelo menos no que
tange a desregulacdo da funcdo de neutréfilos.

Neste sistema utilizamos ainda inibidores farmacologicos da GC e da PKG, os

efetores finais da via de sinaliza¢do do NO. De forma similar ao inibidor da iNOS, estes
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inibidores foram capazes de reverter os efeitos do LPS e do LTA sobre a capacidade
migratéria dos neutréfilos. Em concordancia, a ativagdo direta da enzima GC foi capaz
de mimetizar os efeitos do LPS e do LTA. Além disso, mostramos que a estimulagéo de
neutréfilos com LPS é capaz de aumentar os niveis intracelulares de cGMP, em um
processo dependente da ativagdo da iNOS e da GC. Estes dados sugerem fortemente a
participacdo da via NO-GC-PKG no estabelecimento da faléncia da migracdo de
neutrdfilos.

Nossos resultados sugerem também que a ativagdo da via NO-GC-PKG é um
evento comum a pelo menos dois diferentes receptores do tipo Toll (TLR4 e TLR2). A
similaridade de efeitos para ligantes de TLR2 e TLR4 sugere o envolvimento da via
MyD88 neste fendomeno. O TLR2 sinaliza exclusivamente via MyD88 enquanto que o
TLR4 sinaliza por vias dependentes e independentes de MyD88 (BEUTLER, 2009). No
entanto, estudos sugerem que a via TLR4 independente de MyDS88 ¢ inativa em
neutréfilos (TAMASSIA et al., 2007), reforcando a idéia do envolvimento de MyD88
na modulacio da quimiotaxia de neutréfilos. Outra evidéncia para o envolvimento desta
via € que a ativacdo de MyD88 por ligantes de TLR resulta na ativagdo de NF-xB, um
fator de transcri¢do envolvido na regulagdo da expressdo de iNOS (LOWENSTEIN et
al., 1993; LIM et al., 2004). As vias de sinalizacdo anteriores a ativacdo da iNOS neste
modelo ainda ndo foram descritas e devem ser alvo de futuros estudos.

Recentemente, Clements e colaboradores demonstraram que a nitragdo de actina
pelo NO tornaria os neutréfilos incapazes de migrar (CLEMENTS et al., 2003). Esta
modificacdo tornaria o citoesqueleto inflexivel e prejudicaria o rearranjo dinamico
necessdrio para o processo de migracdo. Estes dados contrastam com 0s nossos, pois
atribuimos os efeitos do NO a ativacdo da via GC-cGMP-PKG e ndo a modificagdes

quimicas de proteinas celulares. No entanto, Clements e colaboradores utilizaram neste
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estudo moléculas doadoras de NO (CLEMENTS et al., 2003), o que pode gerar
concentragdes de NO que ndo refletem aquelas encontradas em circunstancias
fisiopatologicas. Além disso, as modificagdes estruturais sugeridas neste estudo
implicariam em uma inibi¢do geral da resposta migratéria de neutréfilos, o que ndo é
compativel com os dados da literatura. Estudos mostram que neutréfilos isolados de
animais sépticos nao se tornam incapazes de migrar, mas sim apresentam uma alteracéo
no seu perfil de resposta migratéria (SPEYER et al, 2004). Estas células ganham
responsividade a novos ligantes, como ligantes de CCR2 (MCP-1 e MIP-1a).
Observagdes similares foram feitas por nosso grupo com neutréfilos de pacientes com
sepse ou neutréfilos humanos isolados, estimulados in vitro com LPS (SOUTO et al.,
submetido).

Aprofundando nosso estudo, observamos que a estimula¢do de neutréfilos com
LPS resulta na diminui¢c@o da expressdo de receptores para fatores quimiotiticos como o
CXCR2 (receptor de IL-8) e o BLTI1 (receptor de LTB,4). Este fenomeno poderia
explicar a menor capacidade de resposta dos neutréfilos a estes agonistas. Em adigéo,
observamos um aumento na expressao de GRK2 em neutréfilos estimulados com LPS.
Sendo GRK2 uma enzima capaz de fosforilar GPRCs e sendo o CXCR2 um alvo
descrito para esta enzima (FAN & MAILK, 2003; VROON et al., 2006), podemos
sugerir que o aumento da expressio de GRK2 ¢ um mecanismo responsdvel pela
internalizacdo de receptores nestas células. Observamos também que a ambos os
eventos — internalizacdo de receptores e expressao de GRK2 — dependem da ativagdo da
via NO-GC-PKG, sugerindo fortemente a interdependéncia destes processos. Nao
podemos excluir ainda a participagdo de outras isoformas, como a GRKS (que ja
mostramos estar mais expressa em neutréfilos de pacientes com sepse, ARRAES et al.,

2006) e GRK®6, a isoforma envolvida na regulagdo da expressdo do receptor de LTB4
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em neutréfilos (KAVELAARS et al., 2003). No entanto, a expressdo destas isoformas e
sua possivel regulacdo pela via TLR4-NO-GC-PKG nio foi estudada.

Observacdes similares sobre a regulacio da expressio de GRK2 e da
internalizacdo de receptores pelo LPS em neutrdfilos ja foram reportadas na literatura
(KHANDAKER et al., 1998; FAN & MALIK, 2003; VAN DEN BLINK et al., 2004).
Estes estudos sugerem a participacdo de um mecanismo dependente de tirosina quinase,
da ativacdo de p38 e de sintese protéica, que culmina na internalizagdo de CXCR2 e
CXCR1 em neutréfilos estimulados com LPS. Dados anteriores do nosso grupo
confirmam a participacdo de sintese protéica neste fendmeno, pois o tratamento de
neutréfilos com ciclohexemida foi capaz de reverter os efeitos do LTA sobre a migracio
de neutroéfilos (ALVES-FILHO et al., 2009). A dependéncia de sintese protéica para a
internalizacdo dos receptores abre o questionamento da dindmica do processo que
estamos descrevendo. Sintese protéica em eucariotos € um evento celular relativamente
lento e que geralmente demanda horas para ocorrer. Além disso, estudos sobre
expressdo de iNOS e sintese de NO s@o conduzidos em tempos longos de incubagdo
(minimo de 6 horas, geralmente entre 18 e 24 horas). No entanto, o aumento na
expressdo de GRK2 e a internalizacdo de receptores em resposta ao LPS pode ser
observada ja em 1 hora de incubacdo, um tempo geralmente considerado rdpido demais
para eventos dependentes de sintese. Estudos futuros sobre a dinamica do efeito do LPS
na expressdo de GRK2 e na internalizacio de receptores sdo necessirios para melhor
compreendermos este fendmeno.

Entretanto, dada a caracteristica do neutréfilo de ser uma célula preparada para
respostas rapidas, € possivel que a sintese protéica ocorra de forma mais rapida nestas
células, permitindo aumentos detectidveis de proteina em tempos relativamente curtos.

Além disso, a dinidmica de expressdo de iNOS em neutréfilos ainda ndo é bem
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compreendida, inclusive com relatos na literatura da expressio constitutiva da isoforma
induzida de NO sintase (ARMSTRONG, 2001; CEDERGREN et al., 2003).

Neste estudo observamos também a inibi¢do da resposta de neutréfilos ao fMLP
apos a estimulagdo com LPS ou LTA. Diferentemente dos outros receptores estudados,
a expressdo do receptor de baixa afinidade do fMLP, o FPRL-1, ndo foi alterada pela
estimulacdo com LPS. Possivelmente a estimulacio com LPS impacte apenas na
expressdo do receptor de alta afinidade, o FPR. Isso seria interessante, pois impediria
que o neutrdfilo se tornasse completamente irresponsivo a este estimulo, mantendo sua
capacidade de reconhecer e responder a produtos bacterianos. De fato, o fMLP é um
potente estimulador da atividade microbicida de neutréfilos, sendo este efeito
dependente dos receptores de baixa afinidade, enquanto que a resposta quimiotdtica
pode ser atribuida quase que exclusivamente a ativacio dos receptores de alta afinidade
(HERRMANN et al., 2007).

Nossos dados de internalizagdo de receptores sugerem, portanto, um quadro
interessante do ponto de vista bioldgico, onde o LPS seria capaz de inibir a funcio
quimiotdtica dos neutrdfilos sem interferir com sua capacidade de ativar mecanismos
microbicidas em resposta a produtos bacterianos. E tentador especular que este seja um
mecanismo fisioldgico de controle da localizacdo dos neutréfilos no tecido infectado. O
neutrdfilo recém-chegado no tecido seria capaz de reconhecer gradientes quimiotaticos
de forma a se guiar em dire¢@o ao foco infeccioso. A sinalizacdo via receptores tipo Toll
funcionaria como um sinal de chegada a fonte da infec¢do e, portanto, sinalizaria a
necessidade do neutrdfilo de parar de migrar e permanecer no local.

A grande falha deste sistema € sua vulnerabilidade a sepse. Na vigéncia de uma
infec¢do sistémica, este mecanismo seria ativado na circulagdo (e ndo no foco primario

de infec¢do), impedindo que os neutrdfilos deixem os vasos em direcdo aos tecidos.
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Assim como a sepse parece resultar do descontrole de um processo bioldgico
fundamentalmente benéfico — a resposta inflamatéria, a faléncia da migracao de

neutréfilos parece ser um mecanismo normal, ocorrendo no lugar errado.

5.2. Modelo

Tomados em conjunto, nossos dados in vitro permitem a sugestdo de um modelo
onde a ativagd@o de receptores do tipo Toll em neutrdfilos humanos levaria a ativagao da
iNOS, a sintese de NO e o disparo da via NO-GC-PKG. A ativagdo desta via culminaria
com o aumento da expressdo de GRK2 (e talvez outras isoformas) e a internalizacdo de
receptores, levando a um bloqueio da resposta quimiotética dos neutréfilos (Figura 21).
Na sepse, este processo ocorreria na circulacdo devido a presenca de componentes
bacterianos circulantes, o que tornaria os neutrdfilos incapazes de migrar para o tecido e

controlar a infeccao.
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Figura 21. Modelo proposto. Com base nos nossos resultados, propomos o modelo representado no
esquema acima. Em neutréfilos, a sinalizagdo via TLR levaria a uma rdpida ativagdo de iNOS com
producdo de NO e ativacdo da via NO-GC-PKG. Esta via induziria o aumento da expressdo de GRK2 (e
possivelmente outras GRKs) o que resultaria na internaliza¢do de receptores, tornando o neutréfilo
hiporresponsivo a estimulos quimiotaticos. Os pontos de acdo das drogas utilizadas no trabalho estdo
também representados.
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5.3. Resultados in vivo.

Pacientes sépticos desenvolvem disfungdes em vérios sistemas fisioldgicos
incluindo os sistemas cardiovascular, respiratorio, nervoso e renal (COHEN, 2002;
RUSSEL, 2006; MARSHALL, 2008). Mais recentemente, o sistema imunoldgico foi
também reconhecido como um sistema fisioldgico susceptivel a disfuncdo na sepse
(LYN-KEW & STANDIFORD, 2008; WANG & DENG, 2008). A faléncia da migracao
de neutréfilos € uma importante disfungdo do sistema imunoldgico descrita na sepse.
Este processo parece contribuir para o agravamento do quadro clinico do paciente e, de
fato, o grau de hiporresponsividade de neutréfilos se correlaciona diretamente com a
gravidade do quadro clinico e com um prognéstico desfavordavel (TAVARES-MURTA
et al., 2002).

A faléncia de migracdo de neutrofilos na sepse parece depender do NO
produzido pela iNOS. Em modelos experimentais de sepse, o tratamento dos animais
com inibidores farmacolégicos da iNOS restaura a migracdo de neutrdfilos para o foco
infeccioso (BENJAMIM et al., 2000; BENJAMIM et al., 2002). Em concordancia com
estas observacdes, animais geneticamente deficientes na iNOS sdo refratarios aos
efeitos da sepse sobre a fungdo migratéria de neutréfilos (BENJAMIM et al., 2002).
Além disso, em pacientes com sepse, a inibicdo da migracdo de neutréfilos se
correlaciona com o aumento na expressdao de iNOS e no aumento dos niveis séricos de
nitrito e nitrato (indicativos de producdao de NO) (TAVARES-MURTA et al., 2002;
ARRAES et al., 2006).

Entretanto, em modelos experimentais de sepse, a inibicdo da sintase de NO
resulta em aumento da mortalidade. Adicionalmente, animais iNOS™" se mostram mais

susceptiveis a sepse que animais controle (BENJAMIM et al., 2002). Resultados
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similares foram reportados em pacientes humanos, quando uma triagem clinica de fase
I, testando os efeitos de um inibidor da sintese de NO na sepse, teve de ser abortado
por resultar em aumento significativo da mortalidade (LOPEZ er al., 2004). Estes

resultados atestam as limitagdes do uso de inibidores da NO sintase na terapia da sepse.

Interessantemente, resultados mais promissores foram obtidos com inibidores da
enzima guanilato ciclase (PREISER er al., 1995; KIROV et al., 2001; EVORA et al.,
2006; FERNANDES et al., 2009). Esta enzima é uma efetora de uma série de efeitos
bioldgicos do NO e, portanto, se esperaria que a inibicdo de sua atividade tivesse
resultados similares aos obtidos com a inibi¢do da sintese de NO. De fato, os dados
reportados na literatura sugerem que a inibi¢do da sintese de NO e a inibicdo da
atividade de GC resultam em efeitos similares sobre a funcio cardiovascular na sepse.
No entanto, os efeitos finais de ambas as abordagens sdo completamente distintos,
resultando em aumento da mortalidade no primeiro e melhora da sobrevida para o
segundo (AVONTUUR et al., 1998; KIROV et al., 2001; LOPEZ et al., 2004;
WATSON et al., 2004; KWOK & HOWES, 2006; EVORA et al., 2007). Estes
resultados sugerem que a agdo dos inibidores da GC sobre outros sistemas (além do
sistema cardiovascular) deve contribuir de forma importante para seus efeitos benéficos.

Neste sentido, nosso estudo apresenta um possivel mecanismo para os efeitos
benéficos de inibidores de GC na sepse. Nossos resultados sugerem que a inibicdo da
atividade de GC € capaz de restaurar a funcdo migratéria de neutréfilos, sem, no
entanto, interferir com sua capacidade microbicida.

Dados experimentais demonstram que os animais tratados com inibidores da NO
sintase apresentam elevada contagem de bactérias no foco primdrio e no sangue durante
a sepse, a despeito de um intenso influxo neutrofilico (BENJAMIM et al., 2002). Isto

sugere que os neutrdfilos destes animais, embora tenham sua fun¢do migratdria intacta,
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sdo incapazes de controlar a infeccdo. Provavelmente, a inibi¢do da iNOS impede que
estes neutrdfilos utilizem todo seu potencial microbicida, por ndo serem capazes de
sintetizar NO. Por outro lado, como sugerem nossos dados, a inibi¢do da GC teria o
mesmo efeito sobre a funcdo migratéria, com o beneficio de ndo interferir com a
capacidade de sintese de NO e, portanto, com a capacidade microbicida do neutrdfilo.

Com base nestes pressupostos, testamos os efeitos da inibicdo da atividade de
GC em um modelo experimental de sepse. Como ja descrito, a inibicdo farmacoldgica
da iNOS com 1400W foi capaz de restaurar a funcdo migratéria de neutrdfilos em
animais submetidos a sepse. Da mesma forma, e em concordincia com nossos dados in
vitro, observamos que o tratamento com ODQ, um inibidor seletivo da GC, foi capaz de
restaurar a migracdo de neutrdéfilos de maneira similar ao 1400W. No entanto, a
resultante final dos dois tratamentos foi bastante diferente. Por um lado, o tratamento
com 1400W ndo teve impacto na sobrevida dos animais. Além disso, as contagens de
bactéria no peritonio (foco primdrio de infec¢do neste modelo) e no sangue dos animais
tratados ou ndo com 1400W foram indiscerniveis. Considerando que os animais tratados
possuem contagens de neutr6filos muito superiores aos dos animais ndo tratados, é
razoavel afirmar que estas células apresentam uma profunda incapacidade de controlar a
infecg@o. Por outro lado, o tratamento com ODQ resultou em significativo aumento na
sobrevida. Nestes animais, as contagens de bactéria na cavidade peritoneal foram cerca
de 100 vezes menor que nos animais controle e parte dos animais apresentou cultura de
sangue negativa, indicando um eficiente controle da infeccao.

Estes dados corroboram nossos dados in vitro e sugerem que a ativacgio da via
NO-GC-PKG em neutréfilos ocorra in vivo durante a sepse e contribua para a inibicéo
da funcdo migratdria destas células. De fato, estudos mostram que apenas a inibi¢cdo da

sinalizacdo via CXCR2 ou via BLT1 j4 é suficiente para tornar os animais altamente
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susceptiveis a sepse (RIOS-SANTOS et al., 2003; RIOS-SANTOS et al., 2007). Desta
forma, caso ocorra in vivo, como sugerem nossos resultados, a ativacdo da via NO-GC-
PKG com conseqiiente internalizagdo de CXCR2 e BLT]1, isto por si ja contribuiria de
forma suficiente para a mortalidade.

A regulagcdo da migracdo de neutrdfilos pela ativagdo da via NO-GC-PKG in
vivo foi descrita recentemente usando um modelo de inflamag¢do aguda por injecdo
intraperitoneal de carragenina (DAL SECCO et al., 2006). Neste estudo, o efeito
inibidor da via NO-GC-PKG foi atribuido & modulacdo da expressdao de moléculas de
adesdo pelo endotélio. No entanto, a modulagdo direta da resposta quimiotdtica de
neutréfilos pela ativacdo da GC ndo foi considerada. Tendo estes resultados em vista,
podemos considerar a possibilidade de interacdo entre os dois mecanismos (endotélio e
neutréfilos) na sepse, gerando um somatério de efeitos no sentido de inibir a

transmigracdo de neutrdfilos.

5.4. Potencial terapéutico.

Usando uma abordagem clinicamente mais relevante, tratamos os animais apds o
estabelecimento da sepse. Inicialmente, tratamos os animais com duas doses de ODQ, 3
e 12 horas ap6és o CLP. Em 24 horas, quando todos os animais ndo tratados haviam
sucumbido a infec¢do, os animais tratados apresentavam sobrevida de 50%. Entre 24 e
48 horas, no entanto, a sobrevida neste grupo caiu para em torno de 15%, nio atingindo
significincia estatistica. Este resultado mostrava claramente o potencial do tratamento
com ODQ, embora o tempo de tratamento devesse ser ajustado. De fato, estudos usando
azul de metileno (um inibidor ndo seletivo de GC) e ODQ, mostram que os efeitos

benéficos do tratamento dependem do tempo de administracio da droga (SILVA-
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SANTOS et al., 2002; FERNANDES et al., 2009). Neste sentido, decidimos usar uma
terceira dose de ODQ em 24 horas (quando ainda tinhamos 50% de sobrevida). Neste
protocolo, a sobrevida observada em 24 horas foi praticamente mantida ao longo de
todo o periodo de observagdo.

Os efeitos benéficos dos inibidores de GC na sepse sdo amplamente
reconhecidos. Alguns grupos defendem inclusive uma séria revisdo do uso destes
inibidores em pacientes criticos (KWOK & HOWES, 2006; EVORA et al., 2007). No
entanto, os mecanismos envolvidos nos efeitos benéficos destas drogas permanecem
obscuros. A maior contribuicdo do presente estudo é, portanto, trazer um fundamento
celular e molecular capaz de explicar, pelo menos em parte, os reconhecidos efeitos

benéficos desta classe de drogas na terapia da sepse.
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ANEXO 1

Parte deste estudo originou o manuscrito “INHIBITION OF GUANYLYL CYCLASE
RESTORES NEUTROPHIL MIGRATION AND MAINTAINS BACTERICIAL
ACTIVITY INCREASING SURVIVAL IN SEPSIS” dos autores Heitor A. Paula Neto,
José Carlos Alves Filho, Fabricio O. Souto, Fernando Spiller, Rafael S. Amendola,
Andressa Freitas, Fernando Q. Cunha e Christina Barja Fidalgo.

O manuscrito foi submetido para publicagdo na revista Shock. O conteido do
manuscrito foi avaliado positivamente pelo corpo editorial e as sugestdes dos revisores
estdo sendo incorporadas a nova versdo para breve ressubmissao.
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ABSTRACT

Sepsis results from an overwhelming response to infection and is a major contributor to
death in intensive care units worldwide. In recent years we and others have shown that
neutrophil functionality is impaired in sepsis. This correlates with sepsis severity and
contributes to aggravation of sepsis by precluding bacterial clearance. Nitric oxide (NO)
is a major contributor in the impairment of neutrophil function in sepsis. However
attempts to inhibit NO synthesis in sepsis resulted in increased death despite restoring
neutrophil migration. This could be in part attributed to a reduction of the NO-
dependent microbicidal activity of neutrophils. In sepsis, the beneficial effects resulting
from the inhibition of soluble guanylyl cyclase (sGC), a downstream target of NO, has
been long appreciated but poorly understood. However the effects of sGC inhibition on
neutrophil function in sepsis have never been addressed. In the present study we show
that TLR activation in human neutrophils leads to decreased chemotaxis which
correlated with chemotactic receptor internalization and increased G protein-coupled
receptor kinase 2 expression, in a process involving the NO-sGC-protein kinase G axis.
We also demonstrate that inhibition of sGC activity increased survival in a murine
model of sepsis which was paralleled by restored neutrophil migratory function and
increased bacterial clearance. Finally the beneficial effect of sGC inhibition could also
be demonstrated in mice treated after the onset of sepsis. Our results suggest that the
beneficial effects of sGC inhibition in sepsis could be at least in part attributed to a

recover of neutrophil functionality.

Key words: nitric oxide — Toll-like receptor — G protein-coupled receptor kinase —

protein kinase G — chemotaxis — cyclic GMP
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INTRODUCTION

Sepsis is a complex clinical syndrome resulting from a systemic inflammatory response
to infection. Septic patients usually present dysfunctions in several physiological
systems that, in a substantial number of individuals, can evolve to multi-organ failure
and death (1,2). Cardiovascular dysfunction for example is characterized by severe
hypotension and, in a number of cases, refractoriness to hypertensive agents (3). In
recent years, we and others have described an innate immune dysfunction in animal
models of sepsis as well as in human septic subjects (4-13). This is represented by an
inability of neutrophils to respond to chemotactic stimuli both in vivo and in vitro. This
neutrophil dysfunction correlates well with outcome in septic patients and may
contribute to aggravation of sepsis by precluding neutrophil efflux to tissues and an
efficient control of the primary infectious focus.

Nitric oxide (NO) is a major contributor to sepsis pathophysiology. NO mediates
the cardiovascular dysfunction observed in sepsis through its potent vasodilatory
activity (14). Moreover NO was shown to mediate neutrophil dysfunction in sepsis (4-
7). Pharmacological inhibition of NO synthesis or genetic ablation of the inducible NO
synthase (iNOS) gene rescues neutrophil functionality in experimental models of sepsis
(5-7). Moreover the unresponsiveness to chemotactic stimuli observed in neutrophils
isolated from human septic patients correlates with increased iNOS expression and
increased circulating nitrite/nitrate levels (8). However iNOS deficient mice or
pharmacological inhibition of NO synthesis in animals and human septic patients
resulted in increased mortality (5,7,15,16). To our understanding the limitations of NOS
inhibition in sepsis could result at least in part from an interference with the ability of

cells to produce NO and kill bacteria to control infection. In fact, in the cecal ligation
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and puncture (CLP) model of sepsis, iNOS deficient mice and animals treated with NOS
inhibitors presented similar bacterial loads in peritoneal cavity and blood, despite the
recover in neutrophil migratory function (5,7).

Inhibition of the downstream effector of NO, the enzyme soluble guanylyl
cyclase (sGC) has proven benefit in sepsis and septic shock (17-21). The rationale for
the use of sGC inhibitors in sepsis is the recover of cardiovascular function. However,
although the use of both NO or sGC inhibitors results in similar recover of
cardiovascular function in sepsis, only the inhibition of sGC has proved beneficial
effects in sepsis outcome (3,15,17-19,22). These results suggest that sGC inhibition may
have beneficial effects over other physiological systems that could contribute to its
observed efficacy. Additionally the well recognized dysfunction in neutrophil migration
observed in sepsis is NO-dependent, but the involvement of sGC in this process has
never been addressed.

Here we extended our previous studies to investigate the participation of sGC
activation in the establishment of neutrophil dysfunction in sepsis. We used an in vitro
model of neutrophil stimulation with TLR ligands to dissect the modulation of
neutrophil migratory function by sGC activity. We also used an experimental model of
sepsis to confront the effects of iNOS and sGC inhibition in vivo regarding neutrophil

function, the effects on infection control and mice survival.
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MATERIALS AND METHODS

Neutrophil isolation and treatment. Blood was collected from human healthy
volunteers to EDTA-containing tubes. Neutrophils were isolated from human venous
blood using Percoll gradients as described (23). Neutrophil purity and viability were
>97% and >99%, respectively as accessed by differential counts and Trypan dye
exclusion. Isolated neutrophils (10° cells/mL) were treated with either 1400W, a
specific iNOS inhibitor (30uM), ODQ, a sGC inhibitor (10uM), KT5823, a specific
PKG inhibitor (3uM), or vehicle (DMSO 0.01%) for 30 minutes. Cells were then
stimulated with LPS (10ug/mL) for a further 60 minutes, washed and assayed as
described bellow. Where indicated cells were treated with BAY41-2272, a NO-
independent sGC activator (30uM), for 60 minutes. Concentrations used were
determined in preliminary concentration-effect experiments accessing in vitro
neutrophil chemotaxis. In these experiments we observed no effect of the inhibitors
alone or vehicle on neutrophil chemotactic responses to all chemoattractants used (not
shown). In selected experiments neutrophils were treated with lypotheicoic acid (LTA,

10pg/mL) exactly as described for LPS.

In vitro neutrophil chemotaxis. Neutrophil chemotaxis was evaluated using a 48-well
Boyden chamber (Neuroprobe Inc., Gaithersburg, MD) using Sum pore size
polyvinylpyrrolidone-free ~ polycarbonate =~ membranes as  described  (23).
Chemoattractants (28uL) we placed in the bottom chamber and 50uL of the neutrophil
suspension (10° cells/mL) were added to the top chamber. The chambers were then
incubated for 1 h at 37°C with 5% CO,, after which membranes were removed, fixed

and stained with Diff-Quick staining kit. The number of neutrophils, which had
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migrated to the lower side of the filter, was counted in at least five random fields
(1000X magnification). The results are representative of at least three independent
experiments performed in triplicate for each sample, and are expressed as mean *
S.E.M. of the number of neutrophils per field. Chemoattractants used were fMLP (10
M), leukotriene By (LTB4, 10°M) or IL-8 (30nM). Migration to medium alone (random

migration) was used as negative control.

Determination of cGMP intracellular levels. Measurement of cGMP levels was carried
out using a commercial kit (GE Healthcare UK Limited, Buckinghamshire, UK).
Neutrophils (10° cells) were treated as described, washed and ressuspended in 180 pL
RPMI medium. Cells were immediately frozen and kept at -80°C until use. Samples
were manipulated as recommended by the manufacturer to determine the total cellular

cGMP content.

Flow cytometry. Neutrophils were treated as above and immediately fixed with ice-cold
1% paraformaldehyde in PBS. After extensive wash in FACS buffer (2% BSA, 5%
FCS, 0.1% sodium azide in PBS), cells were ressuspended in 50uL. FACS buffer and
incubated with PE-labeled mouse IgG; anti-human CXCR?2 or PE-labeled mouse IgG2a
anti-human BLT1 (1:50) for 30 minutes at 4°C. Cells were then washed in FACS buffer
and analyzed using a FACScalibur (BD Biosciences, San Jose, CA) with help of Cell

Quest software. Data were analyzed using FCS Express 3.0 for Windows.

Immunofluorescence. Neutrophils were treated as described above and GRK-2
expression was evaluated using a rabbit anti-human GRK2 (1:200) and AlexaFluor 594-

conjugated anti-rabbit secondary antibody (Invitrogen). Nuclei were counter stained
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with DAPI. Images were acquired on an epifluorescence microscope (BX-50,

Olympus).

Westernblotting. Neutrophils (4x10° cells) treated as described were immediately lysed
with 80uL boiling lysis buffer (1% SDS, ImM orthovanadate, 10mM Tris, pH 7.4).
Lysates were boiled for 3 minutes, sonicated and boiled for a further 2 minutes. Samples
of SuL were diluted 1:10 and used for protein quantification by the Bradford method.
Lysates were mixed with 20uL 5X sample buffer, boiled for 3 minutes and stored at -
20°C until use. Protein samples of 30ug were separated on a 10% SDS-PAGE and
transferred to PVDF membranes. GRK2 and B-actin were detected using primary rabbit
anti-GRK2 and mouse anti-B-actin antibodies (1:1000) followed by appropriate HRP-
conjugated secondary antibodies (1:10000). Immunoreactive bands were visualized by

ECL. Images were acquired and then analyzed with ImageJ software.

Mice and in vivo procedures. All animal procedures were approved by and conducted
following the guidelines of the Ethics Committee of the Faculdade de Medicina de
Ribeirdo Preto (FMRP-USP, protocol number 181/2008). C57/BL6 male and female
mice, weighing 20-25g, were kept in specific pathogen-free (SPF) conditions with free
access to food and water.

Cecal ligation and puncture (CLP). Cecal ligation and puncture was carried out
as described previously (10). In brief, mice were anaesthetized with tribromoethanol
(250 mg/Kg), a 1cm midline incision was made on the abdomen. Cecum was exposed
and ligated below the ileocecal junction without causing bowel obstruction. A single

puncture was made through the cecum with a 21- or 16-gauge needle to induce sublethal
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(SL-CLP) or lethal (L-CLP) sepsis, respectively. Peritoneal wall and skin incision were
closed, and animals received ImL saline subcutaneously.

Pre-treatment protocol. Mice were treated with Sumol/Kg ODQ or 3mg/Kg
1400W by a single subcutaneous injection 30 minutes before CLP. Neutrophil
migration to the peritoneal cavity, neutrophil sequestration in lungs (as determined by
lung MPO activity), and blood and peritoneal CFU enumeration were carried out 6
hours after CLP as described bellow. In another set of experiments, mice were treated as
above and survival was monitored every 12 hours through 72 hours after surgery. Doses
used were chosen based on our previous report (24). ODQ was diluted in PBS 1%
DMSO and 1400W was dilluted in sterile saline.

Post-treatment protocol. Mice were post-treated with two protocols. In the first,
animals were treated with two subcutaneous injections of Spumol/Kg ODQ, 3 and 12
hours after CLP and survival was monitored for 72 hours after CLP procedure. In the
second protocol, animals were treated with three subcutaneous injections of Spmol/Kg
ODQ, 3, 12 and 24 hours after CLP and survival was monitored for 96 hours after CLP
procedure.

Neutrophil migration in vivo. Neutrophil migration to the peritoneal cavity was
carried out 6 hours after CLP as described (10). Peritoneal cavity was washed using
3mL PBS containing ImM EDTA. Total cell counts were performed on hemocytometer
and differential cell counts were carried out on cytocentrifuge smears stained with Diff-
Quick staining kit (Laborclin, Pinhais, PR, Brazil). Results are presented as mean +
S.E.M. of the number of neutrophils per cavity.

Blood and peritoneal CFU enumeration. Blood and peritoneal CFU

enumeration were carried out 6 hours after CLP as described (10).
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Lung myeloperoxidase activity. Neutrophil sequestration in lungs was
determined by the MPO activity in tissue extracts as described (10), 6 hours after CLP.
Lungs were perfused with 3mL of PBS via the right ventricle, removed and transferred
to 1.5mL tubes containing pH 4.7 buffer (0.1M NaCl, 0.02M Na,HPQOy,, 0.015M sodium
EDTA). Samples were weighted, freezed and kept at -20°C until use. Upon thawing,
tissue was homogenized in buffer, centrifuged at 3000g for 10 minutes and the pellet
was subjected to hypotonic lysis (1.5mL of 0.2%NaCl solution followed 30 seconds
later by addition of an equal volume of a solution containing 1.6% NaCl and 5%
glucose). After a further centrifugation, the pellet was resuspended in 0.05M phosphate
buffer (pH 5.4) containing 0.5% hexadecyl-trimethylammonium bromide and re-
homogenized. One-milliliter aliquots of the suspension were transferred into 1.5mL
tubes followed by three freeze-thaw cycles. The aliquots were then centrifuged for 15
minutes at 3000g before performing the assay. MPO activity in the resuspended pellet
was assayed by measuring the change in OD450 nm using tetramethylbenzidine (1.6
mM) and H,0, (0.5 mM). The reaction was stopped after 30 minutes of incubation at
room temperature, by adding 100uL of 4M H,SO,4 and was quantified at 450nm in a
spectrophotometer. The neutrophil content was calculated from a standard curve using
neutrophils isolated from murine bone-marrow. Results are expressed in relative

number of neutrophils per milligram of wet tissue.

Reagents. Escherichia coli LPS (serotype O0111:B4), Staphylococcus aureus
lipotheicoic  acid  (LTA),  N-[[3-(aminomethyl)phenyl]methyl]-ethanimidamide
dihydrochloride (1400W), rhodamine-conjugated phaloidine, bovine serum albumin
(BSA), and N-formyl-methionyl-leucyl-phenylalanine (fMLP) were from Sigma.

Percoll was from Amersham Biosciences. [1H-(1,2,4)oxadiazolo(4,3-a)quinoxalin-1-
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one (ODQ), (9S,10R,12R)-2,3,9,10,11,12-hexahydro-10-methoxy-2, 9-dimethyl-1-oxo-
9, 12-epoxy-1H-diindolo [1,2,3-fg:3'.2",1'-kl] pyrrolo [3.,4-i] [1,6] benzodiazocine-10-
carboxylic acid, methyl ester (KT5823) and leukotriene B4 were from Tocris
Biosciences. [5-cyclopropyl-2-[1-(2-fluoro-benzyl)-1 H-pyrazolo[3,4-b]pyridine-3-
yl]pyrimidin-4-ylamine] (BAY 41-2272) was from Calbiochem. Interleukin-8 was from
R&D Systems. PE-labeled anti-human CXCR2 and BLT1 antibodies were from BD
Biosciences. Anti-human GRK?2, anti-B-actin and HRP-conjugated secondary antibodies

were from Santa Cruz Biotechnology.

Statistical analysis. Data were analyzed with help of GraphPad Prism 4 for Windows.
Statistical significance was tested using ANOVA followed by Bonferroni post-test,
except for differences in survival rates which were tested using Fisher exact test and
bacterial counts which were tested using Mann-Whitney test. P< 0.05 was considered

statistically significant.
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RESULTS

TLR ligands inhibit human neutrophil chemotaxis through a NO-sGC-PKG-
dependent pathway. Diminished neutrophil responsiveness to chemotactic stimulation
during sepsis has been previously shown by our group and others in animals as well as
human patients (4). This well correlates with sepsis outcome and experimental data
support the involvement of iNOS-derived NO production in this phenomenon (4-8).
However the molecular mechanisms involved are currently unknown. To better access
the mechanisms underlying neutrophil unresponsiveness to chemotactic stimulation
during severe sepsis, we used a model in which isolated human neutrophils were
stimulated ex vivo with LPS, a TLR4 ligand. This stimulation induced a concentration-
dependent decrease in chemotactic responsiveness to the classical neutrophil
chemoattractants IL-8, leukotriene B, (LTB4) and fMLP (Figure 1A-C).

Treatment of cells with the selective iNOS inhibitor, 1400W, before TLR
stimulation, completely restored neutrophil chemotactic responses. This effect was also
observed in cells pre-treated with ODQ, a selective sGC inhibitor, or KT5823, a
selective inhibitor of the sGC downstream target cGMP-dependent protein kinase
(PKG) (Figure 1A-C). Similar results were observed when we used the TLR2 ligand,
lipotheicoic acid (LTA). LTA induced a significant decrease in neutrophil
responsiveness to IL-8 and fMLP, which could be restored by pre-treatment of cells
with pharmacological inhibitors of the components of the NO-sGC-PKG signaling axis
(Figure 1D and E).

To further characterize the involvement of the NO-sGC-PKG signaling pathway
on the impairment of neutrophil chemotaxis, we used the NO-independent sGC

activator, BAY41-2272. As shown in Figure 2A and B, incubation of neutrophils with



108

BAY lead to a reduced chemotactic response to IL-8 and fMLP similar to that observed
with LPS. Additionally, we measured the total cGMP cellular content in neutrophils
stimulated with LPS. As depicted in Figure 2C, LPS induced a marked increase in total
intracellular cGMP content, which was inhibited by treatment of cells with 1400W or
ODQ. Taken together, the data suggest that TLR activation stimulates NO production
and activation of the sGC-cGMP-PKG signaling axis, leading to impaired chemotactic

responsiveness in human neutrophils.

LPS induces chemotactic receptor internalization through a NO-sGC-PKG-dependent
pathway. We next tested whether LPS stimulation lead to chemotactic receptor
internalization. Neutrophils incubated with LPS showed diminished membrane
expression of the IL-8 receptor CXCR2 and the LTB, receptor BLT1 (Figure 3). This
effect could be reverted by pre-treatment of cells with pharmacological inhibitors of
iNOS, sGC or PKG (Figure 3). This suggested that at least part of the inhibitory effects
of LPS on neutrophil migration could be attributed to a heterologous receptor

desensitization that depended on the NO-sGC-PKG signaling pathway.

LPS upregulates GRK-2 expression through a NO-sGC-PKG-dependent pathway.
Chemoattractants signal through G protein-coupled receptors (GPCR) and their
signaling activity is finely regulated by receptor desensitization through the activity of
GPCR kinases (GRK). GRKs mediate GPCR desensitization through receptor
phosphorylation and targeting for B-arrestin-dependent internalization, thus turning cells
hyporresponsive to subsequent GPCR stimulation (25). The observed receptor
internalization could thus be explained by an upregulated GRK expression triggered by

LPS. Indeed we recently showed that neutrophils isolated from septic patients presented
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an increased GRK2 and GRKS expression (11) and others have shown that in vitro LPS
stimulation  upregulates GRK2 expression in neutrophils (26). Using
immunofluorescence and westernblotting analysis we accessed the relative GRK2
expression in human neutrophils stimulated ex vivo with LPS. As shown in Figure 4,
LPS stimulation upregulates GRK2 expression in human neutrophils. Pre-treatment of
cells with 1400W, ODQ or KT5823 prevented LPS-induced GRK?2 upregulation, which
may explain the reversal of chemotactic receptor internalization by pre-treatment of

cells with pharmacological inhibitors of the NO-sGC-PKG signaling pathway.

Effects of in vivo ODQ treatment in an experimental model of sepsis. As our results
pointed to the participation of sGC activation on the NO-dependent impairment in
neutrophil chemotactic function, we sought to determine the relative contribution of
sGC activation to the establishment of neutrophil dysfunction in vivo. In this regard, we
accessed the in vivo effects of GC inhibition in an experimental model of severe sepsis.
As shown in Figure 5A, pre-treatment of mice with 1400W or ODQ restored neutrophil
migration to the peritoneal cavity. Interestingly, mice pre-treated with 1400W
succumbed to infection in a similar rate than that observed in the untreated group
whereas mice pre-treated with ODQ presented 50% survival (Figure 5B). Analyzing
bacterial infection we found that animals pre-treated with 1400W presented bacterial
counts in peritoneum and blood similar to those found in untreated animals (Figure 5C
and D, respectively). On the other hand, mice treated with ODQ presented significantly
less bacteria in the peritonium and blood (Figure 5C and D, respectively). Moreover,
neutrophil sequestration in lungs was prevented by ODQ treatment but not 1400W
(Figure SE). Based on these findings we conclude that the NO-sGC signaling pathway is

operative in vivo and that sGC inhibition could restore neutrophil function in sepsis.
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Moreover these findings suggest that the limitations in using NOS inhibitors in sepsis
can be, at least in part, attributed to an interference with the ability of neutrophils to
control infection, which cannot be compensated for by restoring neutrophil migratory
function. In this sense, sGC inhibition preserves the ability of neutrophils to kill bacteria
and control infection probably because it does not interfere directly with NO synthesis.
These data therefore demonstrate that sGC inhibition restores neutrophil migration
without interfering with neutrophil killing function, thus overcoming one important

limitation for the use of NOS inhibitors in sepsis.

Effect of ODQ treatment on mice survival in a model of sepsis. We demonstrated that
sGC inhibition in sepsis restored neutrophil migration without impacting neutrophil
killing function and that this contributes to an increased survival in mice treated with
sGC inhibitors. This encouraged us to test whether sGC inhibition would improve
survival of mice after the onset of infection, using a post-treatment protocol consisting
of two s.c. injections at 3 and 12 hours after CLP. Mice submitted to CLP and treated
with vehicle died within 24-48 hours, a period when ODQ-treated mice showed 50%
survival. Survival rates of mice treated with ODQ dropped to 16.7% after 24 hours and
remained at the end of the observation period (Figure 6A). We then used a second post-
treatment protocol consisting of three s.c. injections of ODQ at 3, 12 and 24 hours. In
this second protocol, survival could be maintained at 40% throughout the observation
period (96 hours), which was clearly higher than that observed for the untreated group
(100% mortality within 48 hours, Figure 6B). We therefore believe that together our
results support a detrimental role for sGC activation in sepsis and point to sGC

inhibition as a promising potential therapeutic target in sepsis.
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DISCUSSION

Septic subjects develop dysfunctions on multiple physiological systems including the
cardiovascular, respiratory, nervous and immune systems (1,2). An innate immune
dysfunction observed in sepsis is an inability of neutrophils to respond to chemotactic
stimulation in vivo and in vitro (4). This impairs an efficient control of bacterial
infection and may contribute to the aggravation of sepsis. The process of neutrophil
dysfunction in sepsis is largely dependent on iNOS-derived NO. However in
experimental models, NOS inhibition in vivo resulted in increased mortality and a recent
phase III clinical trial using a NO synthase inhibitor resulted in increased mortality of
septic patients (5,15,16). This limits the use of NOS inhibitors in sepsis therapy. More
promising results were observed in the clinics using inhibitors of the downstream
effector of NO, the enzyme sGC (17-19). The beneficial effects of sGC inhibitors on the
cardiovascular function in sepsis have long been appreciated. However the participation
of sGC on the establishment of neutrophil dysfunction in sepsis and the modulation of
this process by sGC inhibitors has never been addressed.

We addressed for the first time the relative contribution of sGC activation to the
establishment of neutrophil dysfunction in sepsis. We used a model in which TLR
stimulation of human neutrophils lead to decreased neutrophil chemotactic
responsiveness to the classical chemotactic mediators IL-8, LTB4 and fMLP. In this
model treatment of human neutrophils with pharmacological inhibitors to different
components of the NO-sGC-PKG signaling pathway prevented the effects of LPS on
neutrophil responsiveness to chemotactic stimuli. Furthermore, using LTA, another
TLR ligand that activates TLR2, we observed similar results suggesting that the NO-

dependent impairment of neutrophil chemotactic function is a common mechanism
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shared by different TLR ligands and in largely attributed to the activation of the NO-
sGC-PKG signaling axis.

Our further study on the mechanisms triggered by LPS on neutrophils
demonstrated that LPS stimulation leads to internalization of the IL-8 receptor, CXCR2,
and the LTB4 receptor BLT1. The effect of LPS on CXCR2 internalization has been
previously described by others (27,28) although the mechanisms involved in this
process remained unaddressed. Inhibition of the different components of the NO-sGC-
PKG signaling pathway recovered CXCR2 and BLTI membrane expression in
neutrophils stimulated with LPS. This suggests that LPS is able to induce heterologous
desensitization of neutrophils to IL-8 and LTB4 stimulation through a mechanism
involving the activation of the NO-sGC-PKG signaling pathway. We and others have
previously demonstrated a crucial role played by CXCR2 and L'TB,4 receptor in sepsis.
Inhibition of CXCR2 or LTB,4 receptor signaling rendered animals more susceptible to
infection by impairing neutrophil migration to the primary infectious focus (12,29). As
LPS induced internalization of both CXCR2 and LTI receptors and decreased
neutrophil responsiveness to IL-8 and LTB,4, we can suggest that this LPS effect could
contribute to worsen the clinical outcome in septic patients.

We have also observed unresponsiveness to fMLP in neutrophils stimulated with
LPS. This suggests that LPS and the activation of the NO-sGC-PKG signaling pathway
has more profound effects on neutrophil responsiveness to chemotactic stimulation
since fMLP engages a different receptor and signals through a different signaling
pathway (30). The molecular mechanisms underling neutrophil unresponsiveness to
fMLP were not addressed in the present study and are currently being examined.

LPS-induced chemotactic receptor internalization was paralleled by an increase

in GRK2 expression. This increased GRK2 expression was also blocked by previous
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treatment of cells with inhibitors of the NO-sGC-PKG pathway. GRK2 upregulation in
neutrophils by LPS treatment has been recently reported (26), although the mechanisms
involved in this phenomenon were not investigated. More recently, we have shown that,
besides LPS, neutrophil stimulation with LTA leads to neutrophil unresponsiveness to
chemotactic stimulation that correlates with increased GRK2 expression and decreased
CXCR2 membrane expression (13). Based on these findings it can be proposed that
both TLR2 and TLR4 ligands induce NO production and consequent activation of the
sGC-cGMP-PKG pathway. This would lead to increased expression of GRK2 and
chemotactic receptor internalization, rendering neutrophils unresponsive to chemotactic
stimulation. Moreover upregulation of GRK2 expression would represent a mechanism
of long-term desensitization of neutrophils to chemotactic stimuli that could be in place
during septic episodes.

Recently Clements and coworkers reported that NO could inhibit neutrophil
chemotaxis through the formation of peroxynitrite (31). Tyrosine nitration of actin
filaments in neutrophils would then impair neutrophil mobility and render cells unable
to migrate. This could be happening during sepsis and would argue against our findings
as the mechanisms used by NO to impair neutrophil migration would involve the
formation of peroxynitrite and not the activation of the NO-sGC-PKG signaling
pathway. However nitration of actin filaments would implicate in a general migratory
dysfunction of neutrophils which is not what is observed in vivo. Neutrophils from
septic rats present increased migration to the CCR2 ligands, CCL2 and CCL7 (9). We
have observed a similar profile in mice and human septic patients (Souto et al,
manuscript in preparation), suggesting that during sepsis neutrophils shift their

responsiveness to chemotactic mediators but are still able to migrate. Therefore the
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activation of the NO-sGC-PKG signaling pathway is a more likely mechanism by which
NO interferes with neutrophil chemotactic function during severe sepsis.

Our in vitro results reveal a point where the beneficial and the detrimental roles
of NO in sepsis diverge. NO plays a beneficial role as an important mediator of bacterial
killing which is largely dependent on the reactive nature of NO and the attack of cellular
components by reactive nitrogen species (32,33). On the other hand, the detrimental
effect of NO on neutrophil responses to chemotactic stimuli seems to depend on the
activation the sGC-cGMP-PKG signaling pathway. In addition the NO-sGC-PKG
signaling pathway also contributes significantly to the cardiovascular collapse observed
in severe sepsis (20,22). Therefore the beneficial role of NO in sepsis is reactive in
nature and largely sGC-independent whereas the detrimental role can be attributed to
the activation of the NO-sGC-PKG signaling pathway and thus is mainly sGC-
dependent.

Based on these assumptions, we reasoned that interfering with sGC activity
would represent a better therapeutic target in sepsis than inhibition of NO synthesis.
sGC inhibition would interfere with the detrimental role of NO but leave NO production
and the host’s microbicidal activity intact. Intact iNOS-derived NO production may
have further benefits besides infection control. In this sense, it was demonstrated, in a
model of TNF-induced shock, that the beneficial effects of sGC inhibition required
intact iNOS activity (34). Since this model did not involve infection, one may speculate
that maintaining iNOS activity while inhibiting its signaling through sGC has beneficial
effects over other systems as well.

We compared the effects of iNOS and sGC inhibition in an experimental model
of sepsis. We show that inhibition of iNOS activity recovered neutrophil migratory

function but neutrophils were unable to control infection. In contrast, sGC inhibition
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resulted in recover of neutrophil migratory function together with efficient control of
infection. We therefore reason that the limitations in using NOS inhibitors in sepsis
could be attributed, at least in part, to an interference on the ability of neutrophils (an
probably other cells of the innate immune system) to produce NO and kill bacteria. In
this sense sGC inhibition could recover neutrophil migratory function without
interfering with neutrophil capacity of NO production and bacterial killing. The
modulation of neutrophil migration by sGC activity in vivo was recently demonstrated
by our group (24). In this study it was shown that sGC activation by NO inhibits
neutrophil migration through the modulation of ICAM-1 expression by endothelium.
Our study demonstrates that NO-dependent activation of sGC is able to directly inhibit
neutrophil migration. Although the modulation of endothelial ICAM-1 expression by
sGC has never been evaluated in the context of sepsis, one may speculate that both
mechanisms act synergistically in vivo to inhibit neutrophil migration.

We further tested our hypothesis in a more clinically relevant setting. We treated
mice with ODQ 3 and 12 hours after the onset of sepsis and found a 50% survival at 24
hours post-CLP compared to the 100% mortality in the untreated group. After this
period, survival decreased to 16.7% and remained throughout the observation period.
The lower efficacy seen on post-treatment protocol, relative to the pre-treatment
protocol, may be explained by a time-dependent effectiveness of sGC inhibition in
experimental sepsis, as reported previously (21). In these studies, vascular reactivity
was only restored by ODQ when administered 2 or 24 hours after LPS injection, a time
window not covered by our protocol. We then used a second post-treatment protocol in
which three ODQ administrations were used (3, 12 and 24 hours). Using this protocol,

we could observe a 40% survival in the treated group whereas untreated mice showed
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100% mortality within 24-48 hours. Taken together, these results strongly support our
hypothesis and point to the potential of sGC inhibition as a therapeutic target in sepsis.

This proposition finds clinical support in early studies using the unspecific sGC
inhibitor methylene blue (MB) in severe septic subjects. These studies revealed a
beneficial outcome for critically ill patients treated with MB as an adjuvant therapy in
sepsis. Recently some groups proposed the consideration of a revisited clinical use of
MB in intensive care units (19). Taken together, our data point to sGC inhibition as a
promising therapeutic approach in sepsis. However it remains necessary large clinical
trials to definitely demonstrate the efficacy of sGC inhibitors in sepsis and to develop a
reproducible protocol for the use of these molecules in the clinics.

The present study shed new light on previous studies by our group and others
that describe the involvement of NO on the impairment of neutrophil migration. We
show for the first time that the effects of NO on neutrophil migratory function in sepsis
is dependent on sGC activation. Our present data also provide, for the first time, cellular
and molecular support for the potential clinical benefits of sGC inhibition as a therapy
in sepsis. Inhibition of NO synthesis or sGC activity is often based on the roles played
by NO in the cardiovascular changes observed in sepsis. Less attention is drawn to the
inflammatory/immune roles of NO. The unexpected outcome of NO synthesis inhibition
in animal studies and clinical trials may have stemmed, at least in part, from the
inhibition of the beneficial role of NO as a microbicidal mechanism used by cells of the
innate immune system. Our results suggest that, besides the positive cardiovascular
effects of sGC inhibition, this approach could also have a beneficial effect on the
immune/inflammatory component of sepsis. SGC inhibition would then emerge as a

potential therapeutic target in sepsis since it could restore neutrophil migration without
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compromising neutrophil microbicidal activity, thus bypassing the limitations of NO

synthesis inhibition.
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FOOTNOTES

1. Abbreviations used. CLP: cecal ligation and puncture; GRK: G protein-coupled
receptor kinase; iNOS: inducible nitric oxide synthase; LTA: lipoteichoic acid; LTB4:
leukotriene B4; MB: methylene blue; MPO: myeloperoxidase; PKG: cGMP-dependent

protein kinase; sGC: soluble guanylate cyclase.

2. Present address to J.C.A-F: Department of Immunology, Infection and Inflammation,

University of Glasgow, Glasgow, UK.
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FIGURE LEGENDS

Figure 1. TLR ligands inhibit human neutrophil chemotaxis through a NO-GC-PKG-
dependent pathway. Neutrophils were treated for 30 minutes with selective
pharmacological inhibitors of iNOS (1400W, 30uM), sGC (ODQ, 10uM) or PKG (KT,
3uM) and stimulated for a further 60 minutes with LPS (10pg/mL, panels A-C) or LTA
(10pg/mL, panels D and E). After washing, cells were assayed for chemotaxis in
response to IL-8 (30nM, A), LTB, (10°*M, B and D) or fMLP (10"M, C and E). Data
represent mean + S.E.M. of the number of neutrophils per 1000X field counted under
optical microscopy. Data derives from 3 independent experiments. * indicates

significant differences relative to control neutrophils migrating in response to stimuli.

Figure 2. Increased intracellular cGMP levels associates with decreased neutrophil
responsiveness to chemotactic stimuli. Neutrophils were incubated for 60 minutes with
the GC activator BAY41-2272 (BAY) and assayed for chemotactic response to IL-8
(30nM, A) or fMLP (10'M, B). Data represent mean + S.E.M. of the number of
neutrophils per 1000X field counted under optical microscopy. Data derives from 3
independent experiments. * indicates significant differences relative to control
neutrophils migrating in response to stimuli. (C) Total intracellular cGMP content was
accessed in cell extracts of human neutrophils incubated as described in Figure 1. Data
represent mean + S.E.M. of cGMP content (fmol) per 10° cells in 4 independent

experiments.

Figure 3. LPS induces chemotactic receptor internalization through a NO-GC-PKG-

dependent pathway. CXCR2 (left panels) and BLTI1 (right panels) membrane
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expression were accessed by FACS analysis in neutrophils treated as described in
Figure 1. Histograms represent one representative out of 4 independent experiments. In
all histograms control cells (black line), cells treated with LPS (dark gray line) and cells
treated with inhibitors before LPS treatment (light gray line) are represented. Upper
histograms represent cells pre-treated with 1400W. Middle histograms represent cells
pre-treated with ODQ. Lower histograms represent cells pre-treated with KT. Graphs
are a representation of the FACS data and indicates CXCR2 (left) or BLT1 (right) mean
fluorescence intensity (MFI). Data is mean = S.E.M. from 4 independent experiments. *

represents significant difference relative to control cells.

Figure 4. LPS upregulates GRK-2 expression through a NO-GC-PKG-dependent
pathway. (Upper panel) Immunofluorescence analysis of neutrophils treated as in
Figure 1. GRK2 is visualized as red fluorescence (AlexaFluor-594) and nuclei as blue
(DAPI). Images show a representative experiment and graph shows the quantification of
3 independent experiments. * indicates significant differences relative to control cells.
(Lower panel) Westernblotting analysis of neutrophils treated as in Figure 1. Effect of
1400W (left), ODQ (middle) and KT (right) on the LPS-induced increase in GRK2
expression is presented. One representative experiment out of three is presented.
Quantification of GRK2 expression relative to the house-keeping marker B-actin is
represented in numbers, considering GRK2 expression in control cells as 1. * indicates

significant differences relative to control cells.

Figure 5. Effects of iNOS or sGC inhibition in an experimental model of sepsis. (A)
Absolute neutrophil numbers in peritoneal cavity of mice submitted to sublethal CLP

(SL-CLP), lethal CLP (L-CLP) or L-CLP 30 minutes after treatment with ODQ
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(Sumol/kg, s.c.) or 1400W (3mg/kg, s.c.). Data represent mean + S.E.M. of the number
of neutrophils per cavity and * indicates significant difference relative to SL-CLP
group. (B) Survival curve for mice submitted to L-CLP 30 minutes after ODQ or
1400W treatment. Graph shows the percent survival through the 72 hour observation
period. Mice undergone surgery but receiving no puctures (SHAM) were used as
controls. N=8 for each experimental group. (C and D) Bacterial CFU counts in
peritoneal cavity (C) and in blood (D) of mice submitted to SL-CLP, L-CLP or L-CLP
30 minutes after treatment with ODQ or 1400W. Data represent the log of the CFU
count present in peritoneal cavity (C) and blood (D) and * indicate significant difference
relative to L-CLP group. (E) Neutrophil numbers in lung extracts of mice submitted to
SL-CLP, L-CLP or L-CLP 30 minutes after treatment with ODQ or 1400W. Data
represent mean + S.E.M. of the number of neutrophils per mg of wet tissue. * indicates

significant difference relative to SL-CLP group.

Figure 6. Post-treatment with ODQ improves survival in an experimental model of
severe sepsis. (A) Survival curve for mice treated with ODQ 3 and 12 hours after CLP
procedure. ODQ doses were the same as in Figure 5B and SHAM mice were used as
controls. Graph shows the percent survival through the 72 hour observation period. N=6
for each experimental group. (B) Survival curve for mice treated with ODQ 3, 12 and
24 hours after CLP procedure. ODQ doses were the same as in A and SHAM mice were
used as controls. Graph shows the percent survival through the 96 hour observation

period. N=10 for each experimental group.
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ANEXO II

Artigos publicados como co-autor durante o periodo de Doutorado.

Artigo I. "IMPAIRED NEUTROPHIL CHEMOTAXIS IN SEPSIS ASSOCIATES
WITH GRK EXPRESSION AND INHIBITION OF ACTIN ASSEMBLY AND
TYROSINE PHOSPHORYLATION”, dos autores: Sandra M. Arraes, Marta S. Freitas,
Simone V. da Silva, Heitor A. Paula Neto, José Carlos Alves-Filho, Maria Auxiliadora
Martins, Anibal Basile-Filho, Beatriz M. Tavares-Murta, Christina Barja-Fidalgo e
Fernando Q. Cunha, publicado na revista Blood. em 2006 (Blood, 2006, 108: 2906-
2913).

Artigo II. “REGULATION OF CHEMOKINE RECEPTOR BY TOLL-LIKE
RECEPTOR 2 IS CRITICAL TO NEUTROPHIL MIGRATION AND RESISTANCE
TO POLYMICROBIAL SEPSIS”, dos autores: José Carlos Alves-Filho, Andressa
Freitas, Fabricio O. Souto, Fernando Spiller, Heitor A. Paula Neto, Jodo S. Silva,
Ricardo T. Gazinelli, Mauro M. Teixeira, Sergio H. Ferreira e Fernando Q. Cunha,
publicado na revista Proccedings of the National Academy of Sciences U.S.A. em 2009

(Proc. Natl. Acad. Sci. USA., 2009, 106: 4018-4023).
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Impaired neutrophil chemotaxis in sepsis associates with GRK expression and
inhibition of actin assembly and tyrosine phosphorylation

Sandra Mara A. Arraes, Marta S. Freitas, Simone V. da Silva, Heitor A. de Paula Neto, Jose Carlos Alves-Filho, Maria Auxiliadora Martins,

Anibal Basile-Filho, Beatriz M. Tavares-Murta, Christina Barja-Fidalgo, and Fernando Q. Cunha

The deregulation of inflammatory re-
sponse during sepsis seems to reflect the
overproduction of mediators, which sup-
press leukocyte functions. We investi-
gated the intracellular mechanisms under-
lying the inability of neutrophils from
severe septic patients to migrate toward
chemoattractants. Patients with sepsis
(52) and 15 volunteers were prospectively
enrolled. Patients presented increased cir-
culating levels of tumor necrosis fac-
tor-a, interferon-v, interleukin (IL)-8, and
IL-10. Patients showed reduced neutro-
phil chemotaxis to formyl-methionyl-
leucyl-phenylalanine (FMLP), leukotriene

B4 (LTB4) or IL-8. No difference in the
transcription or expression of the IL-8
receptor, CXCR1, was detected in neutro-
phils from controls and patients. How-
ever, septic neutrophils failed to increase
tyrosine phosphorylation and actin poly-
merization in response to IL-8 or LTB,. In
contrast, septic neutrophils, similar to
controls, showed phagocytic activity that
induced actin polymerization and aug-
mented phosphotyrosine content. Treat-
ment of control neutrophils with cyto-
kines and lipopolysaccharide (LPS) to
mimic endogenous septic environment
inhibited actin polymerization and ty-

rosine phosphorylation in response to
IL-8 or LTB,. High expression of G protein—
coupled receptor kinase 2 (GRK2) and
GRKS5 was detected in septic neutrophils
and control cells treated with cytokines
plus LPS. Data suggest that endogenous
mediators produced during sepsis might
continually activate circulating neutro-
phils, leading to GRK activation, which
may induce neutrophil desensitization to
chemoattractants. (Blood. 2006;108:
2906-2913)

© 2006 by The American Society of Hematology

Introduction

Sepsis is a complex clinical syndrome resulting from a damaging
host response to infection.! In the United States, more than 700 000
patients per year develop sepsis, with mortality rates reported to vary
between 30% and 70%, despite the best available supportive care.?
Polymorphonuclear neutrophils (PMNs) play the first line in the
host defense against microorganisms, being recruited to the inflam-
matory sites by chemoattractants such as leukotriene B4 (LTB,) and
chemokines.>* Once emigrated, these leukocytes are able to
phagocytose and to generate large amounts of reactive oxygen and
nitrogen species, such as hydrogen peroxide and nitric oxide,
which are crucial products for the microbicidal activity of these
cells.>® As neutrophils appear to play a crucial role in the control of
the infectious process, one can hypothesize that a deficient
migratory ability of neutrophils may aggravate infections. Indeed,
impairment of neutrophil migration has been reported in leukemia,’
diabetes,® and AIDS,® diseases associated with high susceptibility
to infection. Furthermore, previous studies from our group showed
that failure of neutrophil migration is observed in severe sepsis
induced by cecal ligation and puncture and Staphylococcus aureus
administration.!®!! In these lethal models, failure of neutrophil
migration to the site of infection was accompanied by increased
numbers of bacteria in the peritoneal fluid and blood. Conversely,
in sublethal infection in which massive neutrophil migration was

observed, bacterial infection was restricted to the peritoneal cavity,
and the animals exhibited a low mortality rate.!®!! More recently,
we have also reported that blood neutrophils obtained from patients
with sepsis failed to respond in vitro to the chemotactic stimuli
FMLP and LTB,. This unresponsiveness was directly associated to
a poor prognosis.!?

Evidence from literature suggests that the high levels of
circulating cytokines/chemokines observed in severe sepsis may
mediate the impairment of neutrophil migration, in addition to
being involved in the deleterious physiopathologic findings of the
disease, such as coagulation disorders, cardiovascular collapse, and
organ failure.’® The intravenous administration of tumor necrosis
factor-a (TNF-a) or interleukin-8 (IL-8) inhibited neutrophil
migration to mouse peritoneal cavity and anti-TNF-o antibody
partially prevented the inhibition of neutrophil migration in endo-
toxemia model.'* However, the molecular mechanisms involved in
the reduced ability of neutrophils to migrate during sepsis were not
completely clarified.

Independent of their chemical nature, most chemoattractants
exert their action via binding to specific G protein—coupled
receptors (GPCRs) controlling complex cascades of signaling
events. Among these, activation of the tyrosine kinase pathway is a
key event to mediate actin filament assembly, a fundamental step
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for neutrophil responses, including cell locomotion and phagocyto-
sis.3 However, desensitization of GPCR family receptors is an
important determinant of the intensity and duration of agonist
stimulation. G protein—coupled receptor kinases (GRKSs), specific
kinases interacting with GPCR protein, induce receptor phosphory-
lation and thereby signal GPCR desensitization in the continuing
presence of chemoattractants.'® Therefore, an increased expression
of GRKSs could augment chemotactic receptor desensitization and
in turn reduce neutrophil migratory response.!”

In the present study, we hypothesized that the impairment of
neutrophil migration observed in sepsis could result from signal
receptor desensitization mediated by continuous and excessive
chemotactic receptor activation. To address this question, we
investigated the intracellular mechanisms underlying the inability
of neutrophils from severe septic patients to migrate toward IL-8
and LTB,. We have demonstrated that the systemic septic environ-
ment can overstimulate circulating neutrophils, therefore inducing
GRK2 and GRKS expression and receptor desensitization. GRKs,
probably leading to GPCR phosphorylation, might impair chemoat-
tractant-induced tyrosine kinase activity and the subsequent rear-
rangement of the actin network, thus compromising the ability of
neutrophils from patients with sepsis to migrate.

Patients, materials, and methods

Patients

The prospectively enrolled patients admitted and treated for sepsis in the
Intensive Care Unit of the Department of Surgery, Faculty of Medicine of
Ribeirdo Preto, University of Sao Paulo, Brazil, from June 2001 to June
2003. All patients presented clinical and/or laboratory variables that
fulfilled the criteria for sepsis.'® Healthy male and female volunteers served
as controls. The study was approved by the Human Subjects Institutional
Committee of the Faculty of Medicine of Ribeirdo Preto, University of Sao
Paulo (HCRP 4989/99), and written informed consent was obtained from
patients (or their caretakers) and volunteers. Patients were excluded for the
following reasons: older than 75 years or younger than 15 years; mean
arterial pressure less than 50 mm Hg; bradycardia (heart rate < 50 bpm) or
tachycardia (heart rate > 125 bpm); intervention with high doses of
vasopressor agents (dopamine > 7.5 pg/kg/min, dobutamine > 10 wg/kg/
min); oliguria (urine output < 50 mL/h); irreversible circulatory shock; and
when informed consent could not be obtained. All patients enrolled were
evaluated according to the Acute Physiological and Chronic Health
Evaluation (APACHE) II score.

Neutrophil isolation

Blood neutrophils from patients with sepsis or healthy volunteers were
isolated by Percoll gradient'® and suspended in RPMI medium (97% of
viable cells, as assessed by trypan blue exclusion). In some experiments,
neutrophils isolated from healthy subjects were pretreated (2 hours, 37°C)
with IL-1B (2 ng/mL) plus interferon-y (IFN-v; 10 ng/mL) and lipopolysac-
charide (LPS; 10 pwg/mL), and further incubated (1 hour, 37°C) with IL-8
(107" M) or LTBy4 (1078 M).

Neutrophil migration assay

Chemotaxis was assayed in 48-well microchemotaxis chambers (Neuro
Probe, Gaithersburg, MD) using 5-pum PVP-free polycarbonate filter.!”
Neutrophils (10° cells/mL in RPMI-0.01% bovine serum albumin [BSA])
were allowed to migrate toward FMLP (1077 M), LTB, (10~% M), or IL-8
(107° M), or medium alone (random migration; 37°C, 5% CO,). After 1
hour, filters were removed, fixed, and stained, and neutrophils that migrated
through the membrane were counted under a light microscope on at least 5
randomly selected fields.!” Each sample was assayed in triplicate. Results
are expressed as number of neutrophils per field.
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Phagocytosis assay

The ability of septic or healthy neutrophils to phagocytose (1 hour, 37°C,
5% CO,) human plasma-opsonized zymosan (10 particles/cell) was as-
sayed,” in the presence or not of cytochalasin B (CyB; 15 pg/mL) or
genistein (80 wM), and expressed as the phagocytic index (% of phagocytic
cells X number of interiorized particles). The contents of F-actin and phosphoty-
rosine of phagocyting cells were analyzed by fluorescence microscopy.

Cytokine assay

Plasma circulating levels of TNF-a, IFN-vy, IL-8, and IL-10 were determined by
double-ligand enzyme-linked immunosorbent assay (ELISA).'? The results are
expressed as picograms of cytokine per milliliter of serum.

RNA extraction and RT-PCR analysis

Total RNA extracted from neutrophils by Trizol (Gibco-BRL, Carlsbad,
CA) was reverse-transcripted using Superscript Il reverse transcriptase (RT;
Gibco-BRL).?! The primers for CXCR1 amplification were sense (5") 5’
CAG ATC CAC AGA TGT GGG AT-3'; and antisense, (3') 5" AGC AGC
CAA GAC AAA CAA ACT-3' amplifying 468 bp. For B-actin: sense, (5")
5'-GGC GAC GAG GCC CAG A-3'; and antisense, (3') 5'-CGATTT CCC
GCT CGG C-3" amplifying 463 bp. The reverse transcription product was
amplified, and the polymerase chain reaction (PCR) products were
separated in 1.5% agarose gel and identified by ethidium bromide.?!22
Gel Pro-Analyzer 3.1 software (Media Cybernetics, Silver Spring, MD)
was used for densitometric analysis. Results are shown as units of
B-actin mRNA.

CXCR1 expression

Quantification of CXCR1 expression surface antigens was performed in
flow cytometry using PE-conjugated antibodies anti-CXCR1 (R&D Sys-
tems, Minneapolis, MN) or anti- yl and y2 (BD Pharmingen, San Diego,
CA) using a FACSCalibur flow cytometer and the CellQuest software
(Becton Dickinson, San Jose, CA).23

Fluorescence microscopy for F-actin, phosphotyrosine or GRK

The contents of F-actin, GRK2, GRKS, and tyrosine-phosphorylated
residues were determined in neutrophils stimulated with IL-8, LTBy, or
zymosan by fluorescence microscopy. After treatment, neutrophil slides
were prepared by cytospin centrifuge, and F-actin was stained with
TRITC-labeled phalloidin (Sigma, St Louis, MO).!* Immmunocytochemis-
try for phosphotyrosine or GRKs was developed using biotin conjugated-
primary antibodies (anti-pTyr, anti-GRK2, or anti-GRKS, 1:50; Santa Cruz
Biotechnology, Santa Cruz, CA) and streptavidin-conjugated FITC (1:50;
Caltag, Burlingame, CA).2* Microscopic analysis of fluorescent images was
done using an epifluorescence microscope (Olympus BX40-F4; Tokyo,
Japan) equipped with appropriate filters for FITC or TRITC, and using
100X/1.30 NA oil-immersion objectives. Image capturing was performed
with a cooled charged-coupled device CoolSNAP camera (Photometrics,
Tucson, AR). All images were captured using identical camera settings:
time of exposure, brightness, contrast and sharpness, and an appropriated
white balance set according to the fluorescence filter and acquired and
analyzed by Image-Pro Plus 4.0 (Media Cybernetics). The mean fluores-
cence density was determined from a linear measurement of individual
cells” fluorescence. All cells of at least 5 randomly chosen fields of each
slide, performed in duplicate, were analyzed from at least 10 individual
experiments. Results are shown as the mean = SD of the mean fluorescence
densities of each field subtracted from the mean density of the area
measured as background for each individual slide. Figures show representa-
tive gray images taken by Adobe Photoshop software (Adobe Systems, San
Jose, CA).

Immunoblot for GRK

GRK?2 and GRKS expression in septic neutrophils or in cells treated with
cytokines plus LPS and further stimulated with IL-8 or LTB, were
determined by immunoblots!*?* with polyclonal anti-GRK?2 or anti-GRK5
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Table 1. Characteristics of patients with sepsis

Data

No. patients 52
Average age, y (range) 52.1 (17-89)
Male/female ratio, % 51.9/48.1
APACHE Il score, mean = SD 26.66 + 7.68
Microorganism isolates, no. patients

Gram-negative rods 5

Gram-positive rods 1

Gram-positive coccus )

Levenings 3

Miscellaneous 12

Negative culture 24

Not determined 2

antibody (Ab; 1:500; Santa Cruz Biotechnology). Immunoreactive proteins
were visualized on the PVDF (Hybond-P; Amersham Biosciences. Arling-
ton Heights, IL) by 3,3'-diaminobenzidine, and band densitometry was
quantified by Scion Image Software (Scion, Frederick, MD).

Statistical analysis

Data were analyzed by Prism 3 software (GraphPad Software, San Diego,
CA). The Kolmogorov-Smirnov test was used to verify data distribution.
Results are expressed as mean = SD, except for cytokine levels, expressed
as medians and 25th and 75th percentiles. Unpaired ¢ test and Mann-
Whitney were used for comparing means or medians between 2 groups,
respectively. Analysis of variance (ANOVA) followed by Bonferroni was
used for multiple comparisons for unpaired data. A P value of less than .05
was taken as statistically significant.

Results
Clinical data

Patients with sepsis (52) from different sources were enrolled in
this study. The main diagnoses included pneumonia in 17 (35.4%)
patients, intra-abdominal infection in 6 (12.5%) patients, and
trauma in 4 (8.3%) patients. The remaining 21 (43.7%) patients
consisted of diverse causes and miscellaneous (Table 1). Character-
istics of the patients concerning age, sex, APACHE II score, and
bacteriological data are summarized in Table 1. Controls consisted
of 15 healthy volunteers, 7 (46.7%) men and 8 (53.3%) women,
with a mean age of 30.9 * 7.4 years (range, 23-47 years).

Cytokine concentrations

Cytokine levels were determined in serum samples of patients with
sepsis and controls. The median time between the onset of sepsis
and blood collection was 3 days (range, 1-5 days). Table 2 shows
that median serum levels of TNF-a, IFN-vy, IL-8, and IL-10 were
significantly increased in patients with sepsis compared with controls.
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Neutrophil chemotaxis

The ability of neutrophils obtained from 20 patients with sepsis
(mean age * SD, 56.3 = 17.2 years; range, 26-83 years) and 15
healthy donors to migrate in vitro toward the chemoattractants was
assayed. Figure 1A shows that even random migration was found
to be reduced in patients. Moreover, migration of neutrophils
toward all chemoattractants tested was significantly inhibited
(> 50%) in patients with sepsis when compared with controls.
Interestingly, although controls and patients differed in age distribu-
tion, when patients with sepsis (n = 6, mean age = SD, 39.2 = 7.6
years; range, 23-47 years) were analyzed within the same range of
controls, impaired chemotactic response of septic neutrophils was
either observed versus control cells (P < .05, unpaired ¢ test;
asterisk in Figure 1A), respectively, for RPMI (3.5 = 3.1 vs
7.2 = 2.9 neutrophils/field), FMLP (13.8 =9.4 vs 30.5 = 12.1
neutrophils/field), LTB, (9.5 £ 8.8 vs 21.2 = 5.2 neutrophils/
field), and IL-8 (7.2 £ 6.0 vs 14.3 = 5.3 neutrophils/field).

IL-8 receptor expression

To evaluate whether inhibition of chemotactic response of septic
neutrophils was related to alterations in chemoattractant receptor
expression, CXCR1 mRNA and protein levels were determined by
RT-PCR and flow cytometry, respectively. As seen in Figure 1B
there was no significant difference in CXCR1 mRNA expression in
neutrophils from controls or patients with sepsis. In agreement, no
difference between the median fluorescence intensity for CXCR1
was detected between groups (Figure 1C), indicating that cell
membrane CXCR1 expression was similar in neutrophils from
controls and patients with sepsis.

Actin polymerization and phosphotyrosine content

During migration, concurrent changes in actin cytoskeleton enable
cells to move toward the stimulus. In response to external stimuli,
there is a dynamic remodeling of the cytoskeleton, which is
involved with changes in cell shape and motility and signal
transduction.??¢ We investigated the alterations in actin cytoskel-
eton dynamic and the pattern of tyrosine kinase activation in
neutrophils from patients with sepsis and controls after stimulation
with IL-8 or LTB,. Figure 2 shows that under basal conditions
(nonstimulation) no significant difference in F-actin content was
observed in neutrophils from both controls (Figure 2Ai) and septic
patients (Figure 2Aiv). However, while treatment of control cells
with IL-8 (Figure 2Aii) or LTB, (Figure 2Aiii) increased actin
polymerization leading to an increase in cell fluorescence, no
alteration in actin assembly was observed in neutrophils from
patients with sepsis treated with IL-8 (Figure 2Av) or LTB, (Figure
2Avi). A similar pattern of results was observed by immunocyto-
chemistry for phosphotyrosine in both groups. There was no
difference in the fluorescence intensity for phosphotyrosine in cells

Table 2. Concentrations of cytokines detected in sera from controls and patients with sepsis

TNF-o IFN-y

IL-8 IL-10

Median concentration,

Median concentration,

Median concentration, Median concentration,

No. pg/mL (25th-75th No. pg/mL (25th-75th No. pg/mL (25th-75th No. pg/mL (25th-75th

individuals percentiles) individuals percentiles) individuals percentiles) individuals percentiles)
Controls 9 0(0-71.7) 5 170.8 (0-283.6) 9 0(0-18.4) 9 155.5 (29.1-233.8)
Patients 9 202.4 (147.1-334.6)* 26 528.1 (176-815)* 12 155.7 (122.8-257.5)* 12 343.2 (256-465.9)1

Data are medians of the levels of cytokines detected in serum samples obtained 1 to 5 days after the onset of sepsis.

*P < .05 compared with respective controls (Mann-Whitney U test).
1P < .01 compared with respective controls (Mann-Whitney Utest).
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Figure 1. Chemotactic activity and CXCR1 receptor expression on neutrophils. (A) Chemotactic response of septic neutrophils (i, n = 20) or control cells ((], n = 15)
toward FMLP (10-7 M), LTB4 (10-8 M), or IL-8 (10~ M), or medium alone (C indicates controls) in a microchemotaxis chamber. Data are means *+ SD. *P < .01 compared with
respective control. (B) IL-8 receptor gene expression. Expression of CXCR1 mRNA in neutrophils from controls (C], n = 7) and patients with sepsis (£, n = 16) evaluated by
RT-PCR as described in “Patients, materials, and methods.” Results are shown as units of B-actin mRNA. Insert shows 2 representative experiments showing CXCR1 and
B-actin mRNA expression in neutrophils from controls (C1, C2) and patients with sepsis (P1, P2). (C) Flow cytometric analysis of CXCR1 receptor expression on neutrophils
from controls ((J, n = 8) and patients with sepsis (&, n = 13). Results are shown as median fluorescence intensity (MFI). Error bars indicate SD.

from controls (Figure 2Bi) or patients with sepsis (Figure 2Biv)
incubated with medium alone. However, while the addition of IL-8
or LTB, to cultures significantly increased the phosphotyrosine
content in control cells (Figure 2Bii and 2Biii, respectively),
neutrophils from patients with sepsis were not able to respond to
IL-8 (Figure 2Bv) or LTB, (Figure 2Bvi). Differences in the
intensity of fluorescence among all treatments are demonstrated in
Figure 2C and 2D that clearly show the inability of septic
neutrophils in signaling with an increase in actin polymerization
(Figure 2C) and tyrosine phosphorylation (Figure 2D) after chemoat-
tractant stimulation.

Effect of phagocytic activity of septic neutrophils on actin
polymerization and phosphotyrosine content

Phagocytosis is absolutely dependent on actin cytoskeleton integ-
rity and can modulate tyrosine kinase activation in leukocytes. The
ability to phagocytose opsonized zymosan and the modulation of
this process by tyrosine kinase was evaluated in septic neutrophils.
As shown in Figure 3A, neutrophils from septic patients (gray bars)

Figure 2. IL-8 and LTB, did not increase actin polymerization and
protein tyrosine phosphorylation from septic neutrophils. The
contents of F-actin (A, C) and phosphotyrosine (B, D) were analyzed
by cytofluorescence in neutrophils from volunteers (i-iii; (J) or patients
with sepsis (iv-vi; ), treated with medium alone (i, iv), IL-8 (1079 M;
TRITC-phalloidin (A), and tyrosine-phosphorylated proteins were
immunolabeled with FITC-conjugated antiphosphotyrosine Ab (B).
Panels show images representative of at least 5 independent experi-
ments. In addition, cells were imaged (< 1000) as described, and the
fluorescence intensity of F-actin (C) or phosphotyrosine (D) was
quantified. Data are means += SD from 5 independent experiments.
*P < .05 compared with cells incubated with medium alone (ANOVA
followed by Bonferroni); #P < .05 compared with control neutrophils
(unpaired ttest).

F-acti
{Mean Fluorescence Density)

presented greater phagocytic activity (P < .05) compared with
control neutrophils (open bars). Incubation with either CyB (15 g/
mL), a disruptor of microfilament organization, or genistein (80
M), an inhibitor of tyrosine kinases, reduced phagocytosis of
opsonized targets in controls and septic cells (Figure 3A). Cytochem-
istry analysis of cells under phagocytic activity for F-actin (Figure
3B) or phosphotyrosine (Figure 3C) showed that neutrophils from
both groups, control (Figure 3Bi, 3Ci) and septic (Figure 3Bii,
3Cii) were able to respond to opsonized zymosan stimulation,
increasing acting polymerization (Figure 3B) and phosphotyrosine
content (Figure 3C).

Effect of cytokine-LPS treatment on LTBy- or IL-8-induced actin
assembly and tyrosine phosphorylation

Bacterial products and cytokine serum levels are elevated in sepsis,
and, for this, we have investigated with fluorescence microscopy
whether pretreatment of neutrophils from healthy volunteers with
cytokines and LPS would interfere with actin assembling (Figure
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Figure 3. Effect of phagocytosis on actin polymerization and protein tyrosine
phosphorylation in septic neutrophils. (A) Phagocytic index of neutrophils from
controls ([J) or patients with sepsis (E3), treated (+) or not (—) with CyB (15 p.g/mL) or
with genistein (Gen; 80 wM). Data are means + SD. *P < .05 compared with controls
(ANOVA followed by Bonferroni). Fluorescence microscopy (magnification: X 1000)
for F-actin (B) and phoshotyrosine (C) of neutrophils from controls (i; [J) and patients
with sepsis (ii; E), after phagocytosis of opsonized zymosan, performed as described
in “Patients, materials, and methods.”

4A) and tyrosine phosphorylation (Figure 4B) in response to
chemoattractants. Basal levels of F-actin (Figure 4Ai) and phospho-
tyrosine (Figure 4Bi) in blood neutrophils from controls increased
significantly after stimulation with IL-8 (Figure 4Aii and 4Bii) or
with LTB, (Figure 4Aiii and 4Biii). In contrast, pretreatment of
neutrophils with cytokines (IL-1( + IFN-y) plus LPS (Figure
4Aiv and 4Biv) impaired actin polymerization (Figure 4A) and
tyrosine phosphorylation (Figure 4B) induced by IL-8 (Figure 4Av
and 4Bv) or LTB, (Figure 4Avi and 4Bvi). The quantification of
cell fluorescence, as described in “Patients, materials, and meth-
ods,” is shown in Figure 4C and 4D. Treatment with cytokines and
LPS was not able to induce, per se, significant changes in actin
cytoskeleton or in phosphotyrosine content when compared with
nontreated control cells, but prevented the increase in actin
polymerization (Figure 4C) and tyrosine phosphorylation (Figure
4D). Accordingly, pretreatment with LPS and cytokines also
inhibited the chemotactic response of neutrophils to IL-8 (Non-
treated cells, 29.3 = 3.5; LPS + Ctk, 13.4 = 2.3; n = 5; P < .05).

GRK2 and GRK5 expression

GRKSs have been described as key modulators of GPCR desensiti-
zation. The IL-8 receptors, CXCRs, and the LTB, receptor, BLT1,
can be phosphorylated by GRKs, resulting in receptor desensitiza-
tion.'®17 Alterations in GRK2 and GRKS5 expression on neutrophils
from patients with sepsis were analyzed by immunocytochemistry
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or immunoblotting (Figure 5A). Compared with control cells
(Figure 5Ai and 5Aiii), a significant increase in fluorescence was
clearly seen in septic neutrophils, indicating high expression of
GRK2 (Figure 5Aii) and GRKS (Figure 5Aiv). Confirming these
results, an increase in GRK2 and GRKS expression was also
observed on the immunoblottings of septic neutrophils (Figure 5B).
Moreover, in vitro treatment of healthy neutrophils with LPS + IFN-
v + IL-1B + IL-8 significantly induced increase in either GRK?2 or
GRKS (Figure 5C) expression. Stimulation with LTB, also in-
creased GRK2 and GRKS expression in neutrophils (Figure 5C),
although with a lower magnitude than IL-8.

Discussion

Arising from the body’s response to infection, sepsis is a life-
threatening and commonly lethal disorder, accompanied by an
inability to regulate the inflammatory responses. The impairment of
neutrophil migration toward the inflammatory focus limits the
appropriate clearance of microorganisms in the peripheral tissue,
and has been ascribed as a harmful feature during severe sepsis.'®!!
In animal models, the reduction of neutrophil migration to infection
sites accompanied by lethality have been directly associated with
increased circulating levels of cytokines, chemokines, and nitric
oxide.!%! Furthermore, the unresponsiveness of blood neutrophils
from septic patients to chemotactic mediators in vitro?”-*8 has been
directly correlated to a poor prognosis.'?

Confirming the severity of sepsis scored as APACHE I, patients
with sepsis enrolled in this study presented a significant increase in
circulating pro- and anti-inflammatory cytokines, TNF-c, IFN-v,
IL-8 (CXCLS8), and IL-10, accompanied by a high mortality rate.
Supporting previous data,'? we are showing that limited chemotac-
tic ability of septic neutrophils occurs for structurally different
chemoattractants, including bacterial products such as FMLP,
chemokines, IL-8 (CXCLS), and also lipid mediators, such as
LTB4. The failure of septic patient neutrophils to mount a
chemotactic response could not be ascribed to a deficiency in the
transcription or expression of chemotactic receptors since CXCRI1,
an [L-8 (CXCL3) receptor in humans,* was similarly expressed in
neutrophils obtained from controls and patients with sepsis. The
chemokine receptors CXCR1 and CXCR2 are central for many
PMN functions.?® Although some reports have shown that in vitro
treatment with cytokines and/or bacterial products could down-
regulate CXCR1 and CXCR2 expression on human neutro-
phils, 2330 studies with patients with sepsis, confirming our data,
showed that expression of CXCRI1, the high-affinity receptor for
IL-8, were not altered in sepsis.>!32

Most neutrophil chemoattractants recognize membrane GPCR
on the leukocytes and, as a result of receptor activation by the
chemoattractant, a complex sequence of signaling events are
triggered, inducing profound alterations in cytoskeleton dynamics
and activating signaling pathway, allowing neutrophils to develop
motile, adhesive, phagocytic, and antimicrobial responses.?

In the classical view of signaling initiated by activation of
GPCR by chemoattractants, the Gg, complex activates phospho-
lipase Cg isoforms that, ultimately, results in calcium mobilization
and activation of protein kinase C (PKC) that mediates the
activation of NADPH oxidase complex, regulating the respiratory
burst, phagocytosis, and bacterial killing in neutrophils.** In
addition, downstream to G proteins, other intracellular signals are
triggered, including phosphatidylinositol 3-kinase (PI3K) and
mitogen-activated protein kinase (MAPK) pathways, Src family of
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Figure 4. Effects of LTB4 and IL-8 on actin-assembling and protein tyrosine phosphorylation of neutrophils treated in vitro with cytokines and LPS. Neutrophils from
healthy individuals were incubated with medium alone (i-iii) or with cytokines + LPS (iv-vi) and further stimulated with IL-8 (10~9 M; ii, v) or LTB4 (108 M; iii, vi), as described in
“Patients, materials, and methods.” F-actin, stained with TRITC-phalloidin (A, C; left panels), and tyrosine-phosphorylated proteins, immunolabeled with FITC-conjugated
antiphosphotyrosine Ab (B, D; right panels), were analyzed by fluorescence microscopy (magnification: X 1000) and quantified as described. Data are means = SD from 10
independent experiments. *P < .05 compared with control neutrophils; #P < .05 compared with cells incubated with medium alone (ANOVA followed by Bonferroni).
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Figure 5. Increase of GRK2 and GRK5 expression in septic neutrophils. (A) Neutrophils from controls (i, iii) or patients with sepsis (ii, iv) were immunostained for GRK2 (i-ii)
and GRKS5 (iii-iv). The panels show a representative experiment out of at least 7 independent experiments. (B) Immunoblotting for GRK2 (top panel) and GRKS5 (bottom panel)
in neutrophils from patients with sepsis (i) or healthy volunteers ((J). The blots, obtained from 2 representative experiments, show GRK2 and GRK5 expression in neutrophils
from controls (C1, C2) and patients with sepsis (P1, P2). (C) Immunoblotting for GRK2 (top) and GRKS5 (bottom) in neutrophils from healthy volunteers incubated with cytokines
and LPS, plus IL-8 (109 M) or LTB,4 (108 M), as described in “Patients, materials, and methods.” Forimmunoblotting, the densitometry of each band, expressing the content of
GRK2 and GRKS5, was analyzed and expressed in arbitrary units (AU). Data show means = SD of at least 6 experiments. *P < .05 compared with nontreated cells (ANOVA
followed by Bonferroni).
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tyrosine kinases, Rho family of small guanosine triphosphate—
binding proteins, and phosphatases that affects many aspects of
neutrophil functioning, particularly chemotaxis and survival.®
Activation of these pathways by chemoattractants leads to protein
phosphorylation, especially on tyrosine residues of several adapter
proteins, which amplifies the signal transduction and priming cells
to respond to adhesive interactions via integrins.”> Signaling for
motility finds its climax with the polymerization of F-actin, which
results in lamella formation and overall rearrangement of the
cellular cytoskeleton and cell crawling.3

Our data show that rather than a down-regulation of receptor
expression on septic neutrophils, a failure of receptor signaling in
response to chemoattractants assigned for impairing the neutrophil
migration. We have demonstrated that neutrophils from patients
with sepsis present a significant reduction in the basal phosphoty-
rosine protein content and failed to display increase in tyrosine
kinase activity and alterations in actin cytoskeleton dynamics in
response to IL-8 (CXCL8) or LTB,. Moreover, the inability of
septic neutrophils to increase actin polymerization and tyrosine
kinase activity seems to be restricted to the incapacity of chemoat-
tractants, such as IL-8 or LTB,, to trigger the signal transduction
through their respective receptors. Neutrophils from patients with
sepsis showed a high and cytochalasin b—sensitive phagocytic
activity against opsonized particulated stimuli that induced in-
crease and rapid redistribution of F-actin and augment in phospho-
tyrosine content, indicating that these cells present functional
cytoskeleton and signaling pathways that are able to respond to
other stimuli than chemoattractants.

Aiming to reproduce in part the endogenous septic environ-
ment, human neutrophils obtained from healthy individuals were
treated with cytokines and LPS and further stimulated with
chemoattractants. Interestingly, this in vitro treatment also inhib-
ited chemotactic response, actin polymerization, and the increase
of phosphotyrosine content in response to IL-8 or LTB, stimula-
tion, suggesting that endogenous mediators produced during sepsis
might activate circulating neutrophils, impairing these cells to
respond to further chemoattractant stimulation.

In similarity with other GPCRs, chemotactic receptor activation
by agonists can lead to receptor desensitization, a phenomenon
modulated by GRKs, which phosphorylates GPCR and often
results in a rapid attenuation of receptor responsiveness.!>3
Desensitization of migratory responses is an important determinant
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to regulate neutrophil influx in pathologic conditions. Continuous
and excessive chemokine receptor activation can induce an in-
crease in the expression of GRKs, which phosphorylate GPCRs to
signal receptor desensitization.'® Prolonged LTB, stimulation was
reported to desensitize human neutrophils for chemotaxis and
calcium influx, through the phosphorylation, by GRK6, of the
LTB, receptor.>® Macrophage inflammatory protein-2 was shown to
induce, in vitro, expression of GRK2 and GRKS in blood neutro-
phils.'” Studies on CXCR1 and CXCR2 functionality showed that
high concentrations of IL-8 (CXCLS8) decrease migratory re-
sponses.’” This effect seems to be related to GRK2-induced
phosphorylation of CXCRI1, desensitizing this receptor and prob-
ably allowing its internalization.?®

Since CXCR1 expression was maintained on neutrophils during
severe sepsis, it was conceivable to assume that desensitization of
chemoattractant receptors may account for the reduced chemotactic
responses. Supporting this idea, we demonstrate that neutrophils
from patients with sepsis show a significant increase in GRK2 and
GRKS expression. Furthermore, treatment of control neutrophils
with cytokines plus LPS and further stimulation with IL-8 (CXCLS)
or LTB, also up-regulated GRK?2 and GRKS, indicating a key role
for those mediators in neutrophil desensitization.

In summary, we present evidence that the systemic septic
environment can highly activate circulating neutrophils, inducing
GRK expression and desensitization of migratory activity. Increase
in the GRK expression is associated with impairment of chemoat-
tractant-induced tyrosine kinase activity and subsequent rearrange-
ment of actin network, hence compromising the ability of neutro-
phils from patients with sepsis to migrate toward the infectious
focus. The shift in chemotaxis from activation to desensitization
provides a delicate interplay between many cellular factors that
tightly regulate the neutrophil migration in sepsis.
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Patients with sepsis have a marked defect in neutrophil migration.
Here we identify a key role of Toll-like receptor 2 (TLR2) in the
regulation of neutrophil migration and resistance during polymi-
crobial sepsis. We found that the expression of the chemokine
receptor CXCR2 was dramatically down-regulated in circulating
neutrophils from WT mice with severe sepsis, which correlates with
reduced chemotaxis to CXCL2 in vitro and impaired migration into
an infectious focus in vivo. TLR2 deficiency prevented the down-
regulation of CXCR2 and failure of neutrophil migration. Moreover,
TLR2-/~ mice exhibited higher bacterial clearance, lower serum
inflammatory cytokines, and improved survival rate during severe
sepsis compared with WT mice. In vitro, the TLR2 agonist lipotei-
choic acid (LTA) down-regulated CXCR2 expression and markedly
inhibited the neutrophil chemotaxis and actin polymerization in-
duced by CXCL2. Moreover, neutrophils activated ex vivo by LTA
and adoptively transferred into naive WT recipient mice displayed
a significantly reduced competence to migrate toward thioglyco-
late-induced peritonitis. Finally, LTA enhanced the expression of G
protein-coupled receptor kinases 2 (GRK2) in neutrophils; in-
creased expression of GRK2 was seen in blood neutrophils from WT
mice, but not TLR2-/~ mice, with severe sepsis. Our findings
identify an unexpected detrimental role of TLR2 in polymicrobial
sepsis and suggest that inhibition of TLR2 signaling may improve
survival from sepsis.

chemokine receptor | neutrophil | sepsis | Toll-like receptor

Successful clearance of bacterial infection depends on effi-
cient neutrophil migration into the infected tissues (1). We
and others have demonstrated a marked defect in neutrophil
recruitment into the infectious focus during severe experimental
sepsis, followed by failure of local bacterial clearance and
dissemination of infection, resulting in inappropriate systemic
inflammation and increased mortality (2-4). A defect of neu-
trophil migration also has been described in human sepsis (5). In
accordance with these experimental studies, the reduction of
neutrophil chemotaxis to several chemotactic mediators has
been associated with illness severity and organ damage (6, 7).

The Toll-like receptors (TLRs) have been identified as the key
receptors that recognize conserved components of invading
pathogens (8). Although signaling through TLRs has been
implicated as an important element of host defense, a growing
body of evidence indicates that these receptors also may play a
role in the pathophysiology of sepsis. Recent studies using mice
with single TLR deficiencies have demonstrated the relative
importance of TLR4 and TLR9 in the pathophysiology of
polymicrobial sepsis (9, 10). These findings have raised the
possibility that stimulation of multiple TLRs is required for an
overwhelming inflammatory response. In this context, no study
has yet examined the role of TLR2 in polymicrobial sepsis.

In the present study, we provide evidence that the systemic
activation of TLR2 contributes to mortality in mice subjected to

4018-4023 | PNAS | March 10,2009 | vol. 106 | no. 10

severe cecal ligation and puncture (CLP), a model of acute
polymicrobial septic peritonitis (11). We found that TLR2
signaling down-regulated the expression of the chemokine re-
ceptor CXCR?2 on the surface of circulating neutrophils, impair-
ing migration to the site of infection and affecting disease
severity.

Results

TLR2 Deficiency Improves Survival in Polymicrobial Sepsis. To explore
the role of TLR2 in polymicrobial sepsis, we performed nonse-
vere (NS) and severe (S) septic peritonitis using CLP in WT and
TLR2-deficient (TLR27/7) mice. All of the WT and TLR2™/~
mice subjected to NS-CLP survived for 7 days after CLP;
however, whereas 100% of the WT mice subjected to S-CLP died
within 2 days, the TLR2™/~ mice had a significantly enhanced
survival rate, with 40% surviving to day 2 and 35% surviving to
the end of the observation period (Fig. 14).

High levels of systemic inflammatory cytokines and neutrophil
sequestration in the lung are markers and causative agents of
poor prognosis in sepsis (12, 13). Six hours after S-CLP, the WT
mice exhibited significant increases in serum TNF-«, IL-6, and
CXCL2 levels (Fig. 1 B-D). They also demonstrated increased
myeloperoxidase (MPO) activity (a quantitative measure of
neutrophil sequestration) in the lung tissue compared with the
mice subjected to NS-CLP (Fig. 1E). In contrast, these markers
were substantially reduced in the TLR2™/~ mice subjected to
S-CLP, as were the numbers of bacterial cfu in peritoneal
exudates and blood (Fig. 1F).

TLR2 Deficiency Prevents Impairment of Neutrophil Migration in
Severe Polymicrobial Sepsis. To investigate the mechanism under-
lying the improved survival in TLR2™/~ mice, we evaluated neu-
trophil recruitment into the infectious focus. The WT mice with
S-CLP exhibited impaired neutrophil migration, with 3-fold fewer
neutrophils in the peritoneal cavity, compared with the WT and
TLR2™/~ mice subjected to NS-CLP (Fig. 24). In contrast, the
TLR2™/~ mice with S-CLP demonstrated only modest reduced
neutrophil migration, comparable to that in the WT and TLR2™/~
NS-CLP mice. Moreover, using intravital microscopy to visualize
leukocyte—endothelial cell interactions, we found that the impaired
neutrophil migration in the WT S-CLP mice was associated with a
reduced number of adherent leukocytes to the postcapillary venules
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Fig. 1. TLR2 deficiency improves survival during septic peritonitis. (A) Sur-
vival rate after NS-CLP or S-CLP in WT or TLR2~/~ mice (n = 20). P <.05; log-rank
test. (B-D) ELISA of TNF-a (B), IL-6 (C), and CXCL2 (D) in serum of WT mice (n =
10) and TLR2~/~ mice (n = 10) 6 h after CLP. (E) Neutrophil sequestration in
lung measured 6 h after CLP. Data are mean = SEM. *P < .05, **P < .01 relative
to WT S-CLP mice. (F) Colony-forming units in peritoneal exudate and blood
6 h after CLP. Horizontal bars represent median values, and squares represent
individual mice (n = 6-8 each).

of the mesentery. This reduction was not observed in the TLR2™/
-S-CLP mice (Fig. 2B).

Neutrophil recruitment is a complex process involving adhe-
sion molecules and inflammatory mediators. Interestingly, we
found no significant differences in the levels of cytokines TNF-«
and IL-6 and in chemokines CXCL1, CXCL2, and CCL2 in the
peritoneal exudate of WT and TLR2™/~ mice after CLP [sup-
porting information (SI) Fig. S1]. Moreover, the number of
neutrophils in the blood were comparable in the 2 groups (data
not shown). Thus, it seems unlikely that a local difference in
cytokine production or circulating neutrophil level can explain
the increased neutrophil migration seen in the TLR2™/~ mice.

Reduction of neutrophil migration is associated with de-
creased CXCR?2 protein expression on the membrane of circu-
lating neutrophils (14). To address a possible role of TLR2 in the
regulation of CXCR?2 expression, we performed a flow cytom-
etry analysis. Two hours after S-CLP, CXCR2 expression on
neutrophils was significantly reduced in the WT mice compared
with the NS-CLP group or naive mice (Fig. 2C), and this
reduction was correlated with decreased chemotaxis to CXCL2
(30 ng/mL) (Fig. 2D). Notably, CXCR?2 expression and chemo-
taxis to CXCL2 were significantly higher in neutrophils from
TLR2~/~ mice compared with those from WT mice subjected to
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Fig. 2. TLR2 deficiency prevents impairment of neutrophil migration. (A)
Neutrophils in peritoneal exudate of WT and TLR2~/~ mice 6 h after CLP (n =
15). (B) Adherent leukocytes in mesenteric venules 4 h after CLP as determined
by intravital microscopy. (C) Flow cytometry of surface expression of CXCR2 on
blood neutrophils of WT mice (Right) and TLR2~/~ mice (Left) 2 h after CLP. (D)
Chemotaxis of neutrophils to CXCL2 isolated from whole blood 2 h after CLP.
(E and F) Neutrophil number (E) and cfu (F) in peritoneal exudate of WT and
TLR27/~ mice treated with CXCR2 antagonist 6 h after NS-CLP (n = 10). Mice
were injected i.v. with PBS or RTX (30 mg/kg) 30 min before CLP. Data are
mean *= SEM. *P < .01 relative to WT S-CLP mice.

S-CLP (Fig. 2 C and D). This suggests that the maintenance of
CXCR2 expression may explain the increased neutrophil migra-
tion and enhanced bacterial clearance seen in the TLR2 ™/~ mice.
In support of this supposition, TLR2™/~ mice that received the
CXCR?2 antagonist repertaxin (RPX) exhibited markedly re-
duced neutrophil migration and abrogation of the enhanced
bacterial clearance (Fig. 2 E and F).

Systemic Injection of TLR2 Agonist Suppresses Neutrophil Migration
via Down-Regulation of CXCR2. We hypothesized that systemic
activation of TLR2 down-regulates expression of CXCR2 on
blood neutrophils, inhibiting their migration into the inflamma-
tory site. To investigate our hypothesis, mice were given a single
i.v. injection of the TLR2 agonist lipoteichoic acid (LTA), and
after 2 h, surface CXCR?2 expression and chemotaxis to CXCL2
in blood neutrophils were evaluated. The LTA injection induced
a substantial reduction in the cell surface expression of CXCR2

PNAS | March 10,2009 | vol. 106 | no.10 | 4019
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Fig.3. Systemic injection of TLR2 agonist suppresses neutrophil migration. (A)
Flow cytometry of CXCR2 expression on blood neutrophils 2 h after i.v. injection
of PBS or LTA (300 png/mouse). (B) Chemotaxis of blood neutrophils to CXCL2
isolated 2 h afteri.v. LTAinjection. Data are mean =+ SEM. *P < .001 relative to WT
S-CLP mice. (Cand D) Neutrophils in peritoneal exudate 4 h afteri.p thioglycollate
injection. (C) Mice were treated with PBS, PTX (4 png/mouse), RPX (30 mg/kg), or
LTA (100 and 300 pg/mouse) 30 min before thioglycollate injection. (D) WT and
TLR2~/~ mice were injected with either PBS or LTA (300 uwg/mouse, i.v.) 30 min
before thioglycollate injection (n = 8). Data are mean = SEM. *P < .001 relative
to the PBS group plus thioglycollate. (E and F) Adoptive transfer of ex vivo
LTA-activated neutrophils. BM neutrophils were treated with LTA or untreated
(control), labeled with 0.5 or 5.0 uM CSFE, respectively, and infused i.v. into WT
recipient mice in equal numbers. Then thioglycollate was injected i.p., and the
peritoneal cells were harvested 4 h later. (E) Representative flow cytometry
results of recovered CFSE™" cells from an individual mouse (n = 5). (F) Counts of
recovered CFSE™ cells. Data are mean * SEM. *P < .05.

on blood neutrophils (Fig. 34), which was associated with
decreased chemotaxis to CXCL2 (Fig. 3B).

To examine whether i.v. injection of LTA also could affect
neutrophil influx into inflammatory sites, we evaluated neutro-
phil migration into thioglycollate-induced peritonitis 4 h after
LTA i.v. injection. We further confirmed the role of G,i-coupled
CXCR2 in neutrophil migration induced by thioglycollate, using
the CXCR2 antagonist RPX (30 mg/kg) and pertussis toxin
(PTX; 4 pg/mouse). Neutrophil recruitment to the peritoneum
was reduced in mice pretreated with PTX or RPX compared
with control PBS mice (Fig. 3C). Notably, significantly inhibited

4020 | www.pnas.org/cgi/doi/10.1073/pnas.0900196106

thioglycollate-induced neutrophil migration was observed after
the LTA treatment (Fig. 3C). We confirmed that the inhibitory
effects of LTA on neutrophil migration were mediated by TLR2
activation in the TLR2™/~ mice (Fig. 3D). These findings indi-
cate that systemic injection of LTA activates neutrophils in the
circulation, promoting the down-regulation of surface CXCR2
expression and inhibiting neutrophil migration to the inflam-
matory site.

To investigate whether this effect of LTA is due to direct
activation of neutrophils in the circulation, we incubated purified
bone marrow (BM) neutrophils ex vivo in the presence or
absence of LTA (10 ug/mL) for 1 h. We then labeled the
LTA-treated and control cells with 0.5 or 5.0 uM of the
intracellular fluorescent dye carboxyfluorescein succinimidyl
ester (CFSE), respectively, to obtain CFSEMe! (control) and
CFSE"™ (LTA-treated) populations (Fig. S2). A single-cell
suspension, in a 1:1 ratio, was administered i.v. into recipient WT
mice, followed immediately by the thioglycollate injection into
the peritoneum. After 4 h, peritoneal cells were harvested, and
CFSE-positive cells were analyzed by flow cytometry (Fig. 3E).
As evidenced by the i.v. injection of LTA, neutrophils activated
ex vivo with LTA migrated less efficiently into the peritoneal
cavity compared with control neutrophils (Fig. 3F).

Direct Activation of TLR2 in Neutrophils Down-Regulates CXCR2 and
Impairs Chemotaxis. To address the direct effects of LTA and
TLR2 signaling on surface CXCR?2 expression of neutrophils, we
incubated BM neutrophils with LTA for 1 h. Flow cytometry
revealed that this LTA treatment reduced the surface expression
of CXCR?2 on neutrophils in a concentration-dependent manner
compared with control cells (Fig. 44). We confirmed that these
changes in receptor expression were not due to changes in
cellular viability, because the LTA-treated neutrophils had the
same percentage of cell viability (Annexin V7/PI7) as the
control cells (Fig. S3). Thus, we next determined the functional
significance of the LTA-induced CXCR2 down-regulation by
assessing chemotaxis and F-actin polymerization. We found a
significant concentration- and time-dependent reduction in che-
motaxis to CXCL2 in neutrophils treated with LTA (Fig. 4 B and
C), and similar results for CXCL1 (data not shown). We
confirmed the ability of CXCL2 to induce neutrophil chemotaxis
through CXCR2, using antibodies to CXCR2 and the CXCR2
antagonist RPX (Fig. 4B). The decreased surface expression of
CXCR2 by LTA was accompanied by reduced F-actin polymer-
ization in response to CXCL2 (Fig. 4D).

To address the role of TLR2 signaling in mediating the effects
of LTA, we isolated BM neutrophils from WT, TLR27/~,
TLR67/~, and MyD88~/~ mice, incubated them with LTA (10
pg/mL), and evaluated the chemotaxis to CXCL2. The LTA-
induced reduction of chemotaxis to CXCL2 in WT neutrophils
was reversed in neutrophils lacking TLR2, TLR6, or MyD88
(Fig. 4E). The down-regulation of surface CXCR2 expression
induced by LTA was inhibited in neutrophils from the TLR2~/~
mice (Fig. 4F). In accordance with these findings, we confirmed
significant TLR2 expression in WT BM neutrophils (Fig. S4).

TLR2 Activation Up-Regulates GRK2 Expression in Neutrophils. To
investigate the mechanisms through which TLR2 activation
exerts its regulatory effect on CXCR2, we first used PCR to
explore whether changes in the surface expression of CXCR2
reflect changes in the gene expression of this receptor. As
illustrated in Fig. 5B, constitutive expression of mRNA to
CXCR?2 was detected in control neutrophils and was unaffected
by incubation with LTA for 1 h. This finding suggests that the
reduction of CXCR2 in the neutrophil surface is not due to
regulation of its gene transcription. However, the inhibitory
effect of LTA on chemotaxis to CXCL2 was abrogated by
cycloheximide (CHX) (Fig. 54), indicating a protein synthesis—
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dependent mechanism of the cell surface CXCR2 loss after  proteins in cell supernatants (data not shown), providing evi-
TLR2 activation. Because neutrophils can produce CXCR2  dence against the aforementioned autocrine mechanism.

ligands in response to TLR agonists, a potential mechanism for Several studies have demonstrated a prominent role of GRK2
LTA-induced reduced chemotaxis may be involve receptor  in the phosphorylation and internalization of chemokine recep-
desensitization by autocrine CXCR?2 ligand signaling. After the  tors in leukocytes (15, 16). The ability of GRK2 to modulate a
I-h LTA challenge, we found increased mRNA expression of  chemokine receptor is consistent with the high expression of this
CXCL1 and CXCL2; however, we did not detect any of these  kinase in cells (17). We used fluorescence microscopy and
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immunoblot analysis to explore whether LTA (10 pg/mL) stim-
ulation increased the expression of GRK2 in neutrophils. We
found significant up-regulation of GRK2 protein expression in
LTA-treated neutrophils compared with control cells (Fig. 5 C
and D). To extend the in vitro data to in vivo, we examined
whether circulating neutrophils from septic mice expressed
GRK2. Neutrophils from WT mice subjected to S-CLP demon-
strated a profound increase in GRK2 protein expression com-
pared with sham and NS-CLP mice (Fig. 5E). Notably, the
GRK?2 protein expression was substantially reduced in neutro-
phils from TLR2~/~ S-CLP mice compared with those from WT
mice (Fig. 5E).

Discussion

This in vitro study examined the role of TLR2 on the regulation
of neutrophil CXCR2 expression and the outcome of this
regulation in experimental sepsis. We found that TLR2 agonist
negatively regulated CXCR2 expression on the surface of iso-
lated neutrophils by up-regulating the transcription of GRK2.
Moreover, we found that peripheral blood neutrophils from
severely septic mice expressed high levels of GRK2 and low
levels of CXCR2. Notably, reduced expression of CXCR2 in
circulating neutrophils was correlated with failure of migration
to the site of infection, development of systemic inflammation,
and high mortality. Thus, the present study provides a compre-
hensive set of data demonstrating for the first time the harmful
role of TLR2 signaling in the pathophysiology of polymicrobial
sepsis.

The recognition of bacteria by TLRs is important for elimi-
nating invading pathogens. In particular, TLR2 plays a crucial
role in the host defense against Gram-positive bacterial infection
(18). However, the results reported here indicate that TLR2~/~
mice display improved bacterial clearance and reduced mortality
during severe polymicrobial sepsis as a consequence of the
increased neutrophil recruitment to the infectious site. One
potential explanation for this apparent discrepancy may be the
diversity and magnitude of TLR stimulation between infection
with a single pathogen and polymicrobial peritonitis. Therefore,
we hypothesize that during an infection in which different
bacterial ligands are present, the absence of signaling of one TLR
does not impair the genesis of a local inflammatory response, but
that the onset of the systemic inflammatory response resulting in
impaired neutrophil migration depends on the activation of all
TLRs by their respective agonists.

Chemokines coordinate the migration of leukocytes during
inflammation via binding to specific chemokine receptors (19).
CXCR2 plays a central role in the recruitment of neutrophils
from the circulation into the site of inflammation (20). Impaired
neutrophil migration during sepsis is correlated with down-
regulation of CXCR?2 expression on circulating neutrophils (14).
We have identified TLR2 signaling as a crucial pathway in this
phenomenon. We found that TLR2 deficiency prevented the
down-regulation of CXCR2 on circulating neutrophils from mice
with severe polymicrobial sepsis. Moreover, acute administra-
tion of the TLR2 agonist LTA in a single i.v. injection triggered
a drastic reduction in the surface expression of CXCR2 on
circulating neutrophils. Interestingly, this decreased CXCR2
expression was accompanied by reduced chemotaxis to CXCL2,
similar to that observed on blood neutrophils in WT mice with
severe sepsis. Furthermore, thioglycollate-induced peritoneal
neutrophil migration, which is mediated mainly by CXCR2, was
significantly inhibited by the i.v. injection of LTA. These findings
indicate that the presence of bacterial products in the circulation
promotes down-regulation of CXCR2 expression on blood neu-
trophils and impairs neutrophil migration. Indeed, LTA was able
to down-regulate the expression of CXCR2 on the surface of
isolated neutrophils in vitro, which was associated with reduction
of chemotaxis and F-actin polymerization induced by CXCL2.

4022 | www.pnas.org/cgi/doi/10.1073/pnas.0900196106

Moreover, in adoptive transfer experiments, we found that in
vitro LTA-stimulated neutrophils transferred into naive WT
mice exhibited a significant reduced capacity to migrate into the
peritoneal cavity in response to thioglycollate. Thus, direct
activation of TLR2 on neutrophils is able to down-regulate
chemokine receptor expression and migration.

How important is the modulation of chemokine receptor
expression by TLRs? Once at the infectious focus, neutrophils no
longer need to continue migrating, but they must respond by
producing antimicrobial mediators to eliminate the invading
pathogens. Thus, it is logical to suppose that TLRs might
down-modulate neutrophil trafficking to keep these cells at the
site of infection. Indeed, it has been shown that bacteria phago-
cytosis results in decreased surface expression of CXCR1 and
CXCR2 in human neutrophils (21, 22). Extrapolating to a
systemic infection context with high blood levels of TLR ago-
nists, the down-regulation of chemokine receptors in peripheral
circulating neutrophils (“wrong compartment”) may explain the
drastic reduction of these cells in the infection focus.

A fundamental question that remains is how TLR activation
down-regulates CXCR2 expression on neutrophils. Chemokine
receptors belong to the G protein-coupled receptor family
(GPCR), in which the major regulatory mechanisms are desen-
sitization and internalization (23). GRKs are serine/threonine
protein kinases that regulate receptor internalization of almost
all GPCR families, including chemokine receptors (24). GRK2
has been implicated in the regulation of chemokine receptors
(e.g., CCRs and CXCRs) and of innate chemoattractant recep-
tors (e.g., fMLP and C5a receptors) (25, 26). We previously
reported markedly increased GRK2 levels in neutrophils from
septic patients (27), associated with decreased chemotactic
responses to IL-8, LTB4 and fMLP (7, 27). Recently, it has been
shown that GRK2 protein levels are markedly increased by
activation of TLR2 in macrophages (28). In the present study, we
found that TLR2 activation substantially increased the protein
expression of GRK2 in isolated neutrophils. Notably, peripheral
blood neutrophils isolated from TLR2 ™/~ mice with severe sepsis
displayed reduced levels of GRK2 compared with those from
WT mice. In conclusion, we have identified TLR2 as a regulator
of CXCR?2 expression in circulating neutrophils during severe
sepsis by up-regulation of GRK2 expression.

Materials and Methods

Mice. TLR2~/~, TLR6~/~, and MyD88~/~ mice on the C57BL/6 background were
obtained from the School of Medicine of Ribeirdo Preto. All experiments were
performed in accordance with the ethical guidelines of the School of Medicine
of Ribeirdo Preto, University of Sao Paulo.

Sepsis Induction. Sepsis was induced by CLP model as described previously (11).
In brief, after the mouse was anesthetized, an incision was made on the
abdomen. The cecum was exposed and ligated below the ileocecal junction,
after which asingle puncture was made through the cecum. A 30- or 18-gauge
needle was used to induce NS-CLP or S-CLP, respectively. The survival rate was
determined daily for 7 days after CLP induction.

Neutrophil Migration. Neutrophil migration was performed as described pre-
viously (10). In brief, peritoneal lavage fluids were harvested and total cell
counts were performed using a Coulter ACT series cell counter. Differential
cell counts were carried out on cytocentrifuge slides (Cytospin 3; Shandon
Southern Products) stained by the May-Griinwald-Giemsa method.

Bacterial Counts. Bacterial counts were determined as described previously
(29). In brief, samples of peritoneal lavage fluid and blood were harvested,
plated on Muller-Hinton agar dishes (Difco Laboratories), and incubated for
24 h at 37 °C.

Cytokine and Chemokine Determination. Cytokine and chemokine concentra-
tions were measured by ELISA using antibodies from R&D Systems.
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Neutrophil Isolation. For BM neutrophils, femurs and tibias were removed and
flushed with HBSS. The BM cells were suspended in HBSS and laid on top of a
2-layer Percoll (Sigma) gradient (72% and 65% in HBSS), and then centrifuged
at 1200 X g for 30 min at 25 °C. Mature neutrophils recovered at the interface
of the 65%-72% fractions were > 95% pure as determined by May-Grinwald-
Giemsa staining and by Gr-1Migh expression by flow cytometry. For blood
neutrophils, mice were anesthetized and blood was collected via cardiac
puncture. The blood was suspended in HBSS, laid on top of a 3-layer Percoll
gradient (78%, 69%, and 52%), and then centrifuged at 1200 X g for 30 min
at 25 °C. The neutrophils were collected from the 69%-78% interface fractions.

Chemotaxis Assay. Chemotaxis was performed in a 48-well microchamber
(Neuro Probe) using a 5-um-pore polycarbonate membrane. Neutrophils (1 X
10° cells/mL) were allowed to migrate toward CXCL2 (30 ng/mL) or medium
alone at 37 °Cwith 5% CO,. After 1 h, the membrane was removed, fixed, and
stained. Neutrophils that migrated through the membrane were counted
under a light microscope on at least 5 randomly selected fields.

F-Actin Assembly. Neutrophils were incubated with CXCL2 (30 ng/mL) at 37 °C for
5 min. Cells were fixed, permeabilized, and stained with rhodamine-phalloidin
(Molecular Probes). Microscopic analysis of fluorescent images was performed
using an Olympus BX40-F4 epifluorescence microscope. The mean fluorescence
intensity was determined from a linear measurement of individual cells’ fluores-
cence. All cells of at least 5 randomly chosen fields of each slide were analyzed.

Flow Cytometry Analysis. Blood was collected via cardiac puncture. Aliquots
(100 wL) of whole blood were incubated with anti-CD16/CD32 mAbs (BD
PharMingen), followed by incubation with phycoerythrin-conjugated anti-
CXCR2 mAb (R&D Systems) and peridinin-chlorophyll-protein complex-
conjugated anti-Gr-1 mAb (BD Biosciences). The cells were washed, depleted
of red blood cells by hypotonic lysis, fixed, and analyzed by flow cytometry
using a BD Biosciences FACSort flow cytometer.
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Apoptosis Assay. Apoptosis was determined by Annexin V apoptosis detection
kit (Bender MedSystems). The cells were analyzed by flow cytometry using a
BD Biosciences FACSort flow cytometer.

Fluorescence Microscopy. Neutrophils were affixed on glass slides by cytospin
centrifugation and then incubated with rabbit anti-mouse GRK2 Ab or isotype
control (Santa Cruz Biotechnology). Then Alexa-Fluor 594-conjugated goat
anti-rabbit 1gG Ab (Invitrogen) was added. The cells were incubated with DAPI
(Invitrogen) to stain the cell nucleus. Microscopic analysis of fluorescent
images was performed using an Olympus BX-50 epifluorescence microscope.

Adoptive Cell Transfer. BM neutrophils were purified and incubated with LTA
(10 pg/mL) or control medium (unstimulated) for 1 h. Then LTA and unstimu-
lated neutrophils (107/mL in PBS) were incubated with 5.0 uM or 0.5 uM
carboxyfluorescein diacetate succinimidyl ester (CFDA-SE; Molecular Probes),
respectively, at 37 °C for 10 min. The cells were washed, and then a 1:1 ratio
of LTA/unstimulated neutrophils (107 total cells) was injected i.v. into WT
recipient mice. To induce neutrophil migration, 3% thioglycollate was in-
stilled into the peritoneum at the time of cell transfer. At 4 h postinjection,
peritoneal lavage fluids were harvested, and the cells were analyzed for CFSE
expression by flow cytometry using a BD Biosciences FACSort flow cytometer.

Statistical Analysis. Data are expressed as mean = SEM. Student’s unpaired t
test was used to evaluate the differences between the WT and TLR2~/~ groups.
Survival rates were analyzed with the log-rank test, and bacterial counts were
analyzed using the Mann-Whitney U test. A P value < .05 was considered
significant.
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