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Resumo

Pré-exposig¢ao a pequenas doses de LPS induz resisténcia a uma dose letal de LPS, um
fendmeno conhecido como tolerancia a endotoxina. A pré-exposi¢ao ao LPS modula o
padrao de resposta celular, conforme ilustrado pela expressao génica e sintese protéica
alteradas de citocinas inflamatérias. No entanto, os mecanismos envolvidos neste
processo ainda sao parcialmente descritos. Interessante, as células tolerantes ao LPS
assemelham-se aquelas obtidas de pacientes sépticos. Métodos: Tolerancia ao LPS foi
induzida em células mononucleares do sangue periférico humanas pela incubacao
destas com 1 ng/mL de LPS durante 48 horas. Apds este periodo, as células foram
desafiadas com 100 ng/mL de LPS por 2, 6 e 24 horas. Em cada um destes momentos,
foi avaliada a expresséo de 84 genes relacionados a via dos receptores do tipo Toll, por
PCR array. Resultados: O pré-tratamento com LPS ndo modulou a expressao de CD14
e TLR4 na superficie de mondcitos, demonstrando que a tolerancia nao ocorreu devido
a modulagbes dos receptores do LPS. Um gene foi considerado tolerizavel quando o
pré-tratamento com LPS reverteu o efeito causado na expressao génica pelo desafio
com LPS; enquanto um gene foi considerado nao tolerizavel quando o pré-tratamento
com LPS nao reverteu o efeito do desafio com LPS. As cascatas no NF-kB, JNK, ERK e
TRIF estavam bloqueadas ou atenuadas em células tolerantes, enquanto a expressao
dos genes relacionados a cascata da p38 estava aumentada. Conclusao: Esses
resultados demonstram uma regulagao distinta entre as cascatas da via de sinalizagao
dos TLRs durante a tolerancia. Além disso, este achado pode explicar a regulagao
diferenciada entre alguns mediadores inflamatoérios, como por exemplo a regulagao
positiva de IL-10 e COX2 e regulagao negativa de TNF-a e IL-12, fato este também
explicado pela influéncia de regulagbes epigenéticas. A tolerancia pode resultar em
repressdo ou indugao de expressao génica, sendo tal efeito dependente de regulacao

positiva ou negativa induzida pelo desafio com LPS.
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1. INTRODUGAO

1.1. Imunidade inata e receptores do tipo Tol/

A imunidade inata é o mecanismo filogenético mais antigo de defesa contra
patégenos e esta presente em todos os organismos multicelulares. Animais
vertebrados dispbe também de um sistema mais especifico de defesa, a imunidade
adaptativa. No entanto, a imunidade inata continua sendo a primeira linha de defesa
contra patégenos e esta presente antes mesmo da invasao do hospedeiro por tais
microorganismos (Abbas et al., 2007).

A ativagao da imunidade inata se da por meio do reconhecimento de estruturas
conservadas evolutivamente e presentes nos microorganismos invasores, conhecidas
como padrdes moleculares associados a patégenos (PAMPS), como por exemplo
lipopolissacarideo (LPS), peptidoglicano, acido lipoteicoico, lipoproteinas e DNA
bacteriano. Estas estruturas sao reconhecidas por meio dos receptores de
reconhecimento de padrbes (PRRs), os quais também sao estruturas conservadas
evolutivamente (Janeway, 1989). Um dos tipos mais conhecidos de PRRs sao os
receptores do tipo Toll (TLR). Esses receptores foram inicialmente descritos como
tendo um importante papel na formacao do eixo dorso-ventral da mosca Drosophila
melanogaster. (Anderson et al., 1985; Hashimoto et al., 1988). Posteriormente,
demonstrou-se que os TLRs também exercem um papel na imunidade inata desses
animais (Lemaitre et al., 1996). A partir de entdo, foram identificados membros dos
TLRs em mamiferos, os quais também atuam no reconhecimento de padrdes
moleculares de patoégenos.

Os TLRs sédo compostos por proteinas transmembrana ricas em leucina na
porcdo extracelular e sua porgao citoplasmatica € muito similar ao receptor de
interleucina-1, funcionando como transdutora de sinalizagdo. Esta porgcao é conhecida
como dominio homoélogo ao receptor Toll/IL-1 (TIR) (Gay & Keith, 1991). Em
mamiferos sao conhecidos hoje pelo menos 11 tipos de TLRs, responsaveis pelo
reconhecimento de diferentes estruturas dos patdgenos invasores (Akira & Takeda,
2004). Os TLRs se combinam em dimeros e, desta forma, criam um repertério capaz
de discriminar o grande numero de padrbes moleculares associados a patégenos
presentes na natureza (Ozinsky et al., 2000).

O primeiro indicio de que os TLRs de mamiferos atuam no reconhecimento de
PAMPs veio da observagdao de que um homodlogo humano do Toll da drosophila,
depois chamado Toll-like Receptor 4 (TLR4), induzia a expressdo de genes

relacionados a resposta inflamatéria. (Medzhitov et al., 1997). Pouco depois, um



estudo conduzido por Poltorak e colegas demonstrou que camundongos mutantes
para o gene TIr4, o C3H/HedJ com mutagao pontual e 0 C57BL/10ScCr com delegéo do
gene, apresentavam um fenétipo de resisténcia ao LPS (Poltorak et al., 1998.). Com
isso, reconheceu-se o TLR4 como parte do complexo receptor do LPS responsavel
pela transdugao do seu sinal, ja que o CD14, previamente identificado como receptor
do LPS (Wright et al., 1990), nao possui porgao intracelular.

O receptor CD14 é composto de glicoproteina ancorada a membrana por
glicosilfosfatidilinositol (GPI) de 55 KDa e é encontrado na membrana de mondcitos,
macréfagos e em menor proporcdo em granulécitos (Ziegler-Heitbrock & Ulevitch,
1993). Além disso, a sinalizagcdo desencadeada pelo LPS inclui interagcdo com
proteinas do soro, as quais podem aumentar (LBP - lipopolysaccharide binding
protein) (Schumann et al., 1990) ou diminuir (BPI bactericidal/permeability-increasing
protein) (Marra et al., 1992) a atividade do LPS e sua ligagao a célula via o receptor
CD14. Ap6s essa ligagao, o CD14 interage com o TLR4, o qual necessita da proteina
de diferenciagao mieldide-2 (MD-2) que se encontra acoplada a porgao extracelular do
TLR4, conferindo uma maior sensibilidade ao LPS, provavelmente através da
estabilizacdo dos dimeros do TLR4 (Shimazu et al., 1999).

ApoOs a morte e lise bacteriana, e também quando a bactéria se multiplica, o
LPS ¢ liberado da superficie bacteriana. A molécula do LPS, presente na membrana
externa das bactérias Gram-negativas, pode ser dividida, estrutural e funcionalmente,
em trés sub-regides: polissacarideo O, regido central ("core") e lipideo A (Galanos et
al., 1979) (Figuras 1 e 2). O lipideo A representa a estrutura mais conservada do LPS
e retém a toxicidade da molécula (Galanos et al., 1985). Por intermédio do lipideo A, o
LPS interage com varios tipos celulares, como células mononucleares, células
endoteliais, polimorfonucleares, sendo de particular importancia os mondécitos e

macroéfagos.
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Figura 1: Diagrama esquematico da parede celular de bactéria Gram-negativa (adaptado de
Madigan et al., 1997).
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Figura 2: Representagao esquematica do LPS de Salmonella (adaptado de Galanos et al.,
1979)

1.2. Sinalizagao desencadeada pelo LPS

A ligagcdo do LPS ao seu complexo receptor na célula desencadeia uma
cascata de sinalizagdao que pode seguir duas vias, uma dependente da proteina
adaptadora fator de diferenciagcdo mieldide 88 (MyD88), e outra dependente da
proteina adaptadora contendo o dominio TIR-1 indutora de IFN-f (TRIF) (Akira &
Takeda, 2004).

A via dependente de MyD88 recruta esta molécula para o receptor através de
seu dominio TIR, que interage com o dominio citoplasmatico TIR do TLR4, juntamente
com a proteina adaptadora contendo o dominio TIR (TIRAP). Isto permite o
recrutamento e ativacido das chamadas quinases associadas ao IL-1R (IRAKSs), cujo
proximo alvo é o fator 6 associado ao receptor de necrose tumoral (TRAF6). O
complexo TRAF6-IRAK1 entdo se desconecta do receptor e, na membrana
plasmatica, interage com outro complexo, formado por quinase ativadora do fator
transformador de crescimento-3 (TAK1), proteina ligante-1 de TAK1 (TAB1) e proteina
ligante-2 (TAB2). TAK1 e TAB2 sao fosforilados e migram, juntamente com TRAFG6 e
TAB1, para o citoplasma, onde se associam a duas enzimas, UEV1A e UBC13. Tal
associagao leva a ubiquitilagdo da TRAFG6, que induz ativagdo de TAK1 por interagao
com evolutionarily conserved signaling intermediate in Toll pathway (ECSIT). Uma vez
ativada, TAK1 leva a dois caminhos de sinalizagao: (1) ativacdo da via das proteinas
quinases ativadoras de mitose (MAPKSs), pertencentes a trés familias principais: p38,
N-terminal c-Jun quinase (JNK) e quinase regulada por sinal extracelular (ERK),
através da fosforilagdo das MAPKKSs resultando em ativagao dos fatores de transcrigao
ATF2, JUN, FOS, ELK1, entre outros e (2) fosforilagdo do complexo nuclear-factor-kB
(IkB)-kinase (IKK), composto por IKK-a, IKKB e IKKy, o qual entdo fosforila kB,
levando a sua ubiquitilacdo e subsequiente degradagao, o que permite a translocacgao

do NF-xB para nucleo e transcricao de diversos genes inflamatérios como TNF-a, IL1-



B, IL-6 e COX2. O fator de transcricao NF-kB é composto por uma familia de proteinas
que se associam em hetero- ou homodimeros, da qual fazem parte p65, p50, c-rel,
relB e p52, sendo o heterodimero p50/p65 sua principal forma ativa (Dong et al., 2002;
Hayden & Ghosh, 2008; Akira & Takeda, 2004).

Na via dependente de TRIF, a por¢gao amino-terminal deste adaptador interage
com TBK1. Ativacdo de TBK1 leva a fosforilagdo do fator de transcricdo IRF3, o qual
induz expressado de IFN-f e consequientemente de genes induzidos por interferon,
como CCL5 e CXCL10 (Kawai et al., 2001). Nesta via ocorre também ativacido de
TRAF®6, o qual induz translocacado de NF-kB para o nucleo. A ativagdo de NF-xB pelo
TRIF também pode ocorrer por meio de sua porgao C- terminal, através da molécula
RIP1 (Akira & Takeda, 2004). E interessante ressaltar que a ativacdo de NF-xB pela
via dependente de TRIF ocorre mais tardiamente que na via dependente de MyD88. A
presenga de duas ondas de ativagcao de NF-kB garante estabilidade na ativacéo desta
via, refletindo sua importancia na resposta do hospedeiro pelo TLR4. (O'Neill & Bowie,
2007; Covert et al., 2005). Além disso, em camundongos deficientes em MyD88,
ativacao tardia da via das MAPKs também é descrita (Kawai et al., 1999) Entretanto, a
via dependente de TRIF foi descoberta mais recentemente e ainda sao necessarios
mais estudos para entender os mecanismos nela envolvidos (Biswas & Lopez-Collazo,
2009).

O sistema imune precisa constantemente encontrar um balanco entre ativacéo
e inibicdo para evitar que a resposta inflamatoria seja prejudicial. Desta forma, a
sinalizacdo pelos TLRs precisa ser finamente regulada. Diversos mecanismo
envolvidos nesta regulacdo sido descritos, como redugdo do numero de TLRs,
presenga de proteinas regulatérias que atuam inibindo passos da cascata de
sinalizacdo, as quais podem estar presentes constitutivamente ou serem induzidas
durante uma infeccao, presenca de miRNAs, regulagdes epigenéticas e até mesmo
morte celular. (Liew et al., 2005; Taganov et al., 2006; Foster & Medzhitov, 2009).

Outra via relacionada a inflamacgao é a do receptor de TNF-a (TNFR1). O TLR4
e IL-1R apresentam trechos na sinalizagao intracelular que sdo comuns ao receptor de
TNF (TNFR1), sendo que a convergéncia das vias de ativagao ocorre mais distante do
gue entre os receptores com dominio TIR. Apds a ligacdo do TNF-a ao seu receptor
na superficie celular sdo recrutadas duas proteinas adaptadoras que possuem
dominio de morte, a proteina associada ao dominio de morte de FAS (FADD) e a
proteina associada ao dominio de morte do TNFR (TRADD). Estas proteinas ativam a
cascata de caspases e, subseqlientemente, induzem a apoptose. Entretanto, o TNFR1

somente sinalizara para o dominio de morte quando a sintese protéica estiver



bloqueada. A ativagdo do TNFR1 induz transcricdo de genes inflamatorios. O
mecanismo protetor das células ao desencadeamento da apoptose € observado em
nivel molecular, onde TNFR1 primeiramente recruta TRADD, enquanto FAS (CD95)
interage com FADD. TRADD agrupa-se ao fator 2 associado ao TNFR (TRAF2),
TRAF1 e a proteina associada a receptor (RIP) ativando o NF-kB e JNK, protegendo
as células da apoptose (Hehlgans & Pfeffer, 2005)

A ativagao dos macrofagos pelo LPS resulta na liberagdo de mediadores como
o fator de necrose tumoral-alfa (TNF-a), interleucina-1 (IL-1), IL-6, IL-8, quimiocinas e
outros. Estes mediadores tém atividade bioativa potente e podem atuar em sinergismo
ou ter efeito antagdnico a endotoxina (Rietschel et al., 1994). Essa resposta atua na
tentativa de erradicar os patégenos invasores e assim manter a homeostase do
organismo. In vivo, estas moléculas podem ter agdo local ou serem liberadas na
circulagao, permitindo assim a repercussao sistémica de seus efeitos (Rietschel et al.,
1982). No entanto, a produgdo exacerbada dessas moléculas pode levar a um
descontrole da reposta inflamatéria protetora, com desencadeamento de diversas
doencgas, como por exemplo sepse, doengas auto-imunes, doencas metabdlicas e
cancer. Neste sentido, fica clara a importancia de mecanismos eficientes de controle
da resposta inflamatdria do hospedeiro, os quais tém sido motivo de estudos

incipientes nas mais diversas areas (Foster et al., 2007).
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Figura 3: Vias de sinalizagao dos TLRs (adaptado de Takeda & Akira, 2005; Liew et al., 2005).



1.3. Sepse

A sepse pode ser definida como a repercussdo sistémica da infecgao,
manifestando-se em diferentes estagios clinicos de um mesmo processo
fisiopatologico e podendo levar a disfungdo de 6rgaos, hipotensdo e morte. No inicio
da década de 90, em reuniao de consenso das Sociedades de Terapia Intensiva e de
Pneumonologistas (American College of Chest Physicians/ Society of Critical Care),
procurou-se estabelecer uma padronizagdo para o diagndstico de sepse e suas
complicagdes, levando-se em consideragao os avangos da compreensao de sua
fisiopatologia. Reconheceu-se que uma grande diversidade de causas poderia levar a
um quadro clinico comum, caracterizado pelo desencadeamento da resposta
inflamatéria do hospedeiro. Este quadro foi definido como Sindrome da Resposta
Inflamatodria Sistémica (SIRS, do inglés Systemic Inflammatory Response Syndrome) e
seria desencadeado por pancreatite, queimaduras, trauma e outros, ficando o termo
sepse restrito a SIRS causada por infecgédo (Bone et al., 1992).

A sepse apresenta crescente incidéncia e elevada morbidade e mortalidade,
sendo a principal causa de 6bito nas unidades de terapia intensiva (Salomao et al.,
1992; Salomao et al., 1993; Silva et al., 2004). O controle da infecgdo depende do
adequado reconhecimento dos microorganismos pelas células do hospedeiro e de
resposta efetora competente. Paradoxalmente, na sepse, os mecanismos de protecéo
estdo também envolvidos no processo de doenga, sendo o limite de resposta protetora
e de lesao ainda impreciso (Salomao et al., 2008).

Na sepse, as citocinas inflamatérias e outros mediadores desencadeados por
estas ou por agentes patogénicos induzem uma série de alteragdes nas células alvo.
Adicionalmente, as alteragdes induzidas na célula endotelial constituem um
importante substrato fisiopatolégico na sepse. Ha alteragdes do seu citoesqueleto,
alteragdes funcionais, com sintese de mediadores com efeitos quimiotaticos, além do
aumento da expressdo de moléculas de adesdo. Ainda, a liberacdo de
vasodilatadores potentes como o 6xido nitrico (NO) pelas células inflamatoérias e
endoteliais leva a uma importante vasodilatagdo. As citocinas inflamatdrias
desencadeiam também a cascata de coagulagao, principalmente pela exposi¢do do
fator tissular, criando um ambiente de exacerbacédo da inflamacédo e coagulacédo. A
regulagao negativa de proteinas com fungao anticoagulante contribui ainda mais para
a indugao da coagulacdo. Como resultado tem-se a adesao de neutrofilos e mondcitos
as células endoteliais, migragao para o extravascular, extravasamento de fluidos para
o intersticio, coagulacado intravascular, que em conjunto com alteracdo do ténus

resultam em alteragdes da microcirculagao e levam a hipdxia tecidual e conseqiente
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disfungao de o6rgaos e sistemas. Importante ainda, a disfuncéo celular desencadeada
pela sepse pode persistir mesmo apods estabelecimento do fluxo sanguineo aos
tecidos, por mecanismos de sofrimento celular, referido como choque citopatico
(Salomao et al., 1999; Rigato et al., 2001; Cohen, 2002; Hotchkiss & Karl, 2003).

A complexidade da sepse se da pela sua natureza bifasica, a qual é
caracterizada por uma fase inicial de inflamagao exacerbada, na qual a imunidade
inata € ativada e ocorre liberagcdo de mediadores proinflamatérios, seguida de um
estado de hiporesposta, caracterizada por resposta inflamatéria inibida, maior
susceptibilidade a infecgdo e mortalidade elevada (Monneret et al., 2008; Riedemann
et al., 2003).

A similaridade entre as manifestacbes da sepse por Gram-negativos e os
efeitos fisiopatoldgicos agudos induzidos pelo LPS levou a hipotese de que este,
liberado da bactéria in vivo, é responsavel pela indugdo dos sintomas da sepse
(Rietschel et al., 1982). Este dado foi confirmado quando se demonstrou que o lipideo
A sintético tinha atividade biologica idéntica ao lipideo A e ao LPS bacterianos
(Galanos et al., 1985).

Estudos da cascata de sinalizagcdo do TLR4 em pacientes sépticos revelam
perturbacdes em diferentes niveis da cascata, incluindo alteragbes na expressao dos
receptores da superficie celular (Brunialti et al., 2006; Harter et al., 2004; Mages et al.,
2007) e perturbagdes na cascata do NF-kB (Adib-Conquy et al., 2000; Salomao et al.,
2009). Além disso, a producéo de citocinas inflamatdrias pelos mondcitos circulantes
no sangue desses pacientes também apresenta um padrdo alterado quando
comparada a individuos sadios. Durante a fase de “imunocomprometimento”, este
padrao de liberagao de citocinas revelou diminuicdo na capacidade dos mondcitos
circulantes em produzir citocinas proinflamatérias, enquanto outros fatores anti-
inflamatérios estavam aumentados ou preservados, um quadro que parece estar
relacionado a tentativa do organismo em limitar a resposta inflamatéria exacerbada
instalada previamente, enquanto algumas funcgbes ainda sdo mantidas (Cavaillon et
al., 2005).

Estudos empregando cultura de células mononucleares isoladas do sangue
periférico (Munoz et al., 1991) e sangue total (Ertel et al., 1995; Ertel et al., 1997; van
Deuren et al., 1994) de pacientes sépticos mostraram menor produgédo das citocinas
IL-1a, IL-18, TNF-a, IL-6, IL-12 e IFN-y apds estimulagdo com LPS. Por outro lado, a
producdo de IL-10 estava elevada (Adib-Conquy et al., 2006; Salomao et al., 2009) ou
preservada (Rigato & Salomao, 2003) nestes pacientes, fato este que também foi
observado em relagdo a producio de fatores de diferenciagao celular (Weiss et al.,

2001; Salomao et al., 2009). Além disso, alguns reguladores negativos da cascata dos
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TLRs também estdo aumentados durante a sepse, como IRAK-M (Escoll et al., 2003),
MyD88s e SIGIRR (Adib-Conquy et al., 2006).

Fenodtipo muito similar ao descrito acima pode ser observado em animais e
células submetidos a exposi¢cbes sucessivas in vitro ou in vivo ao LPS, um fendmeno
conhecido como tolerancia a endotoxina (Cavaillon & Adib-Conquy, 2006). Por este
motivo, esse modelo tem sido empregado na tentativa de mimetizar o microambiente
da sepse e assim ajudar a compreender os mecanismos a ela relacionados (Cavaillon
et al., 2003).

1.4. Tolerancia ao LPS

Um dos primeiros relatos de tolerancia é datado de 1946, onde o pesquisador
Paul Beeson observou que a administracdo de doses repetidas de vacina tiféide em
coelhos levava a uma reducgéao progressiva da febre causada por este microorganismo
(Besson, 1946). Observou-se também que em pacientes em fase de recuperagao de
febre tifoide e malaria, a administracdo de endotoxina levava a reducédo da febre
(Neva & Morgan, 1950; Heyman & Beeson, 1949).

De forma similar, em ratos, a pré-exposi¢gdo ao pequenas doses de LPS é
capaz de proteger esses animais de uma dose letal da endotoxina (Galanos et al.,
1992). Freudenberg e Galanos observaram que a transferéncia de macréfagos de
camundongos resistentes ao LPS para camundongos sensiveis, tornava-os
resistentes, demonstrando o papel central destas células na indugao da tolerancia ao
LPS in vivo (Freudenberg & Galanos, 1988).

Assim como na sepse, a tolerdncia ao LPS envolve uma reprogramacéao
complexa das fungdes de mondcitos e macrofagos (Zhang & Morrison, 1993a). No
entanto, os mecanismos que permeiam esta reprogramacao ainda nao sao totalmente
conhecidos. A expressao dos receptores da superficie celular pode sofrer modulagao
durante a tolerancia de acordo com o modelo estudado, porém este fato nido é
suficiente para explicar o desenvolvimento deste fendtipo (Dobrovolskaia & Vogel,
2002). Estudos em modelos in vivo e in vitro tém demonstrado alteragcdes em diversos
niveis da sinalizagdo intracelular desencadeada pelo LPS em células tolerantes,
incluindo defeitos nas proteinas adaptadoras, moléculas sinalizadoras e fatores de
transcricdo. A cascata do NF-kB é largamente descrita como suprimida em células
tolerantes ao LPS, tanto em humanos (Ziegler-Heitbrock et al., 1994; Ziegler-
Heitbrock, 2001) como em ratos (Bohuslav et al., 1998), com predomiancia de

homodimeros p50. A via de sinalizacdo das MAPKs também esta comprometida
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durante a tolerancia (Tominaga et al., 1999; Medvedev et al., 2002), e indicios de
comprometimento da via dependente de TRIF também sao descritos (Piao et al.,
2009).

A presenga de reguladores negativos da cascata dos TLRs também influencia
no desenvolvimento de um fendtipo de toleréncia, como demonstrado pelas grandes
quantidades de IRAK-M encontradas em células tolerantes humanas (Escoll et al.,
2003) e de camundongos (Kobayashi et al., 2002). Além da IRAK-M, também estao
envolvidos SHIP (Sly et al., 2004), SOCS-1 (Nakagawa et al., 2002), entre outros.
Recentemente, a presenca de miRNAs também tem sido associada ao
desenvolvimento da tolerancia ao LPS (Nahid et al., 2009).

Interessante, o pico de producdo de TNF-o observado apds estimulo com
LPS, ndo ocorre em células que foram previamente expostas a endotoxina, sendo
esta provavelmente a caracteristica mais marcante da tolerancia ao LPS. Ainda, séo
descritas alteracdes na produgao de diversas citocinas proinflamatoérias e quimiocinas,
frequementemente marcadas por diminuigdo de sua produg¢ao, como é o caso de IL-6,
IL-12, IL1b, IL-8, CCL4, CXCL10 entre outras (Foster et al., 2007; del Fresno et al.,
2009; Mages et al., 2007; Draisma et al., 2009; Granowitz et al., 1993; van der Poll et
al., 1996), apesar de IL-1 (Zuckerman et al., 1991; Seatter et al., 1995) e IL-6
(Hirohashi & Morrison, 1996; Seatter et al., 1995) estarem aumentadas em alguns
modelos estudados. Contrariamente, citocinas anti-inflamatérias como IL-10
(Frankenberger et al., 1995; del Fresno et al., 2009; Shimauchi et al., 1999), TGB-p
(Draisma et al., 2009; Sly et al., 2004) e IL-17ra (Randow et al., 1995) estao
aumentados nas células tolerantes, comprovando que estas células ndo sofrem uma
anergia total, ja que algumas de suas funcbes estdo preservadas ou até mesmo
aumentadas (Cavaillon & Adib-Conquy, 2006).

De grande relevancia também é o fato de as células tolerantes ao LPS
apresentarem comprometimento na fungdo de apresentagcdo de antigenos, com
diminuicdo da expressao de HLA-DR e moléculas coestimulatérias (Wolk et al., 2000;
del Fresno et al., 2009), fato que também é descrito em células de pacientes sépticos
(Salomao et al., 2002; Salomao et al., 2009). Por outro lado, sua fungao fagocitica
esta preservada (del Fresno et al., 2009), bem como a producado de espécie reativas
de oxigénio e nitrogénio (Zhang & Morrison, 1993b; West et al., 1994; Fernandes et
al., 2010, submetido), achados corroborados por estudos funcionais conduzidos em
pacientes sépticos (Martins et al., 2008).

Todos esses achados demonstram que a célula tolerante ndo perdeu sua
capacidade de reconhecer e responder ao LPS, mas sim sofreu uma complexa

reprogramacao de suas fungdes, provavelmente na tentativa de evitar danos
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causados pela resposta inflamatéria e preservar a capacidade de resposta a uma
possivel reinfecgao (Cavaillon & Adib-Conquy, 2006). Neste sentido, Foster et al
observaram o padrao de expressao génica de células tolerantes ao LPS e dividiram
os genes estudados em dois grupos: tolerizaveis e nao-tolerizaveis. Os primeiros,
apresentam expressao inibida pelo pré-tratamento com LPS apdés um segundo
estimulo com a endotoxina e em sua maioria codificam citocinas e mediadores
proinflamatérios. Ja o segundo grupo, inclui genes que nao tém sua expressao
influenciada pelo pré-tratamento com LPS e parecem estar envolvidos em processos
anti-inflamatérios e de recuperacéao celular e tecidual (Foster et al., 2007).

E interessante ressaltar que a regulacdo negativa de uma via de sinalizagéo
deveria levar a diminuicdo da transcricdo dos produtos génicos da via. No entanto,
observamos que em uma mesma via de sinalizagdo existem genes regulados
positivamente e outros negativamente. De fato, como uma via de sinalizagdo induz
expressao de genes com diferentes fungdes, nao seria interessante que tais fungdes
fossem reguladas da mesma maneira, e sim de forma especifica. Esse tipo de
regulagcdo tem sido descrito, e ocorre por meio de alteragbes na estrutura da
cromatina. Modificagdbes nas histonas sdo capazes de gerar alteragdes
conformacionais do DNA, as quais tornam viaveis, ou nao, a transcricdo génica.
Acetilagdo ou desmetilagdo de histonas estda associada a cromatina
transcricionalmente ativa, enquanto desacetilagdo ou metilagao leva ao silenciamento
da expressao génica. Desta forma, é possivel um controle muito maior das diferentes
fungbes induzidas por uma mesma via de sinalizacdo. Foster e colaboradores
demonstraram que mondcitos tolerantes ao LPS apresentam esse tipo de regulagao.
Estimulo com LPS levou a metilagao de histonas em promotores de genes tolerizaveis
e nao-tolerizaveis. No entanto, o re-estimulo com LPS levou a reacetilagdo somente
de promotores de genes antimicrobianos, enquanto isso ndo aconteceu com os
promotores de genes inflamatérios, os quais permaneceram inativos (Foster et al.,
2007).

Fica claro que a adaptagao celular na sepse e na tolerancia € um evento
complexo e ainda parcialmente compreendido. Esta adaptagao celular pode depender
do continuum de manifestagdes clinicas na sepse, e de maneira mais complexa, a
mesma célula pode ter fungbes reguladas positivamente e outras negativamente
durante o quadro da evolugdo da doenca. Frente a complexa regulacido que se
estabelece nas células tolerantes ao LPS e sua similaridade com as células de
pacientes sépticos, decidimos estudar a expressao de 84 genes relacionados a via de
sinalizacao dos receptores do tipo Toll em um modelo de tolerancia ao LPS em células

mononucleares do sangue periférico de humanos.
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2. OBJETIVOS

O objetivo deste estudo foi estudar o perfil de expressao génica relacionado a
via de sinalizagao dos receptores do tipo Toll em um modelo de tolerancia ao LPS em
células mononucleares do sangue periférico de humanos.

Para tanto foram investigados:

1. A producdo de TNF-a em diferentes modelos de tolerancia ao LPS em
células mononucleares do sangue periférico de humanos.

2. A expressao dos receptores CD14 e TLR4 na superficie de mondcitos
humanos na presenca de doses crescentes de LPS (0,1; 1 e 10 ng/mL) apds 48 de
incubacao.

3. A expressao de 84 genes relacionados a via de sinalizagao dos receptores

do tipo Toll, apos pré-tratamento e desafio com LPS (tolerancia).
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Abstract

Pre-exposure to low doses of LPS induces resistance to a lethal challenge, a phenomenon known as
endotoxin tolerance. In this study, tolerance was induced in human PBMC by culturing cells with 1
ng/mL LPS for 48 h. Cells were subsequently challenged with 100 ng/mL LPS for 2, 6 and 24 h, and the
expression of 84 genes encoding proteins involved in the TLR signaling pathway was evaluated at each
time point by PCR array. LPS pretreatment did not modulate the expression of TLR4 and CD14 on the
surface of monocytes. A gene was defined as tolerized when LPS pretreatment reversed the effect of LPS
challenge on the expression of the gene or as non-tolerized when LPS pretreatment did not reverse the
effects of LPS challenge. We observed impaired or attenuated signal transduction through the NF-«kB,
IJNK, ERK and TRIF pathways, whereas expression of p38 pathway-related genes was preserved in LPS-
tolerant cells. These results show a distinct regulation of the TLR pathway cascades during tolerance; this
may account for the differential gene expression of some inflammatory mediators, such as up-regulation
of IL-10 and COX2 as well as down-regulation of TNF-a and IL-12. Depending on the effect of LPS-
induced gene up-regulation or down-regulation, tolerance, as a reversion of such LPS effects, may result

in repression or induction of gene expression.
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Introduction

Susceptible animals are rendered resistant to a lethal lipopolysaccharide (LPS) challenge by
pretreatment with low doses of LPS. This phenomenon is known as endotoxin tolerance (Galanos et al.,
1992). This process involves a complex reprogramming of macrophage function (Zhang and Morrison,
1993) hallmarked by decreased production of TNF-a and seems to occur as the cell attempts to attenuate
excess inflammation. Other cytokines and inflammatory mediators are also involved in this
reprogramming, with inhibition (Tominaga et al, 1999) or enhancement/maintenance of their production
(Frankenberger et al., 1995; Foster et al., 2007) resulting in modulation of cellular functions. This cellular
reprogramming during tolerance has been associated with resistance and protection to different injuries
(Cavaillon and Adib-Conquy 2006).

It is known that circulating leukocytes from septic patients have characteristics similar to those
of tolerant cells; in particular, the TLR signaling pathway is modulated in patients with sepsis (Cavaillon
and Adib-Conquy 2006; Salomao et al., 2008). Sepsis has been defined as a systemic inflammatory
response triggered by infection that can lead to organ dysfunction, hypotension and death (Bone et al.,
1992). It has been proposed that during sepsis, an acute inflammatory response, during which innate
immune cells are activated and pro-inflammatory mediators are released, is followed by a state of
hyporesponsiveness characterized by inhibited inflammatory responses and enhanced susceptibility to
infection (Riedemann et al., 2003). Accordingly, we found that the production of inflammatory cytokines
was modulated throughout sepsis, with increased production in the early stages followed by a decrease in
production in the later and more severe phases (Brunialti ef al., 2006).

LPS-induced cell activation involves a complex mechanism in which LPS is presented by
lipopolysaccharide binding protein (LBP) to CD14 and TLR4 and, in association with MD-2, triggers the
intracellular signaling, which is mediated by two distinct pathways, the MyD88-dependent pathway and
the TRIF-dependent pathway (Beutler er al., 2003). Reprogramming of cells made tolerant to LPS may
occur at the level of cell surface receptor expression (Nomura et al., 2000) and at the level of signal
transduction through the presence of negative regulators of TLR signaling (Escoll et al., 2003), NF-xB
subunit p50-homodimers (Ziegler-Heitbrock 2001), and even miRNAs (Nahid et al., 2009). Recently,
epigenetic mechanisms altering the chromatin structure have been reported to play a major role in the

modulation of gene expression during LPS tolerance (Chan ef al., 2005; Foster et al., 2007).
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In the current study, we demonstrate that tolerance to LPS is not directly controlled by
expression of its receptor complex, pointing out that the cell can still sense LPS and modulation might
occur in the intracellular signaling. Therefore, we investigated the expression of 84 genes from the TLR
signaling pathway by polymerase chain reaction (PCR) array in a model of LPS tolerance in human

peripheral blood mononuclear cells (PBMC).

Materials and Methods

Volunteers and cells

Peripheral blood samples were collected from 20 to 30-year-old healthy volunteers after
obtaining written informed consent. The study was approved by the Ethics Committee of Federal
University of Sdo Paulo. PBMC were purified by the Ficoll density gradient method (Ficoll-Paque PLUS,
GEHealthcare, Uppsala, Sweden) and suspended in RPMI 1640 medium (Sigma, Missouri, USA)
supplemented with 10% fetal calf serum, 10 IU/mL penicillin, 10 ug/mL streptomycin (Gibco, California,

USA), and 200 mM glutamine (Sigma).

In vitro induction of LPS tolerance

LPS from Salmonella abortus equi was a generous gift from C. Galanos (Max-Planck Institute of
Immunobiology, Freiburg, Germany) and was prepared by the phenol-water method and further purified
with phenol-chloroform-petroleum ether as previously described (Galanos et al., 1979). Tolerance to LPS
was induced in PBMC from eight healthy volunteers by pre-incubating the cells with increasing
concentrations of LPS (0.1 ng/mL or 1.0 ng/mL) for 6, 24 and 48 h before challenging the cells with 100
ng/mL LPS (LPS-LPS). The negative control contained only medium and did not receive LPS (Medium-
Medium), while the positive control received only medium during the pre-incubation period but received
100 ng/mL LPS during the challenge. Residual LPS-induced TNF-a secretion was assessed after 48 h of
incubation, before the challenge (LPS-Medium). Tolerance was confirmed by diminished TNF-a
secretion, measured by ELISA (BD OptEIA), 6 hours after LPS challenge (Figure 1). A concentration of
1.0 ng/mL of LPS and length of pre-incubation of 48 h were chosen based on the efficient response

observed in the positive control, the efficient induction of tolerance and low residual activation.
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TLR4 and CD14 expression on monocytes

Expression of TLR4 and CD14 were evaluated in monocytes from five individuals by flow
cytometry, following 48 hours of conditioning with 0.1, 1 and 10 ng/mL LPS. At this time point, cells
were centrifuged at 800 x g for 10 minutes at 4°C. Supernatant was discarded and cells were resuspended
and incubated with anti-TLR4 (PE) (eBiosciences, California, USA) and anti-CD14 (PerCP) (BD
Bioscience, California, USA) antibodies for 15 minutes in the dark at room temperature. Cells were
washed, centrifuged and resuspended in 1% paraformaldehyde (Sigma). Event acquisition was performed
using CellQuest software (BD Bioscience) and a FACSCalibur 4-color flow cytometer (BD Bioscience).
For each condition, 5000 events were acquired based on forward scatter, side scatter and CD14
parameters. Monocyte analysis was performed using Flow Jo software 8.8.6 (Tree Star, California, USA)
by assessing forward and side scatter parameters combined with CD14-positiveness. Surface receptor

expression was measured as the geometric mean fluorescence intensity (GMFI).

Quantitative RT-PCR array

Total RNA was primarily isolated using TRIzol reagent (Invitrogen, California, USA) followed
by a silica membrane kit from SuperArray Bioscience (ArrayGrade™ Total RNA Isolation Kit). Total
RNA quantification was obtained using the Nanodrop device (Thermo Scientific, EUA). Purity and
integrity were confirmed by spectrophotometry (A260/A280 ratio) and electrophoresis (1.5% agarose gel
containing ethidium bromide), respectively. Equal amounts of RNA from three different donors were
mixed for each experimental condition, and a final amount of 750 ng of RNA was used for cDNA
synthesis. Samples were treated with a genomic DNA elimination buffer from the kit, and reverse
transcription reactions were performed using the RT* First Strand Kit from SuperArray Bioscience
according to the manufacturer’s protocol. Real-time polymerase chain reactions were performed using the
RT? Profiler™ PCR Array from SuperArray Bioscience (for details, see the manufacturer’s protocol at
http://www.sabiosciences.com/howpcrarrayworks.php). For each condition, a total of 84 genes were
analyzed for relevant human genes involved in the toll-like receptor pathway (listed in Table 1).
Amplification, data acquisition, and melting curve analysis were carried out in an iCycler iQ thermal
cycler (Bio-Rad, California, USA), and in each run, every gene was checked for efficiency, threshold
point, baseline point and melting curve. To enable comparison between runs, the same threshold was

established for all genes and runs. Three genes (B2M, RPL13A and ACTB) were used as internal controls
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-ACt:
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and the average of their Ct values was used to normalize gene expression (2 ) and determine fold

-AACt
2

change between groups ( ). Gene expression was considered up-regulated or down-regulated when

the fold change was greater than two.

Statistical analysis
Statistical analysis was performed using SPSS 10.1.3 software (Illinois, USA). Data were
subjected to one-way ANOVA with post hoc multiple comparisons Fisher’s exact test. A p value of 0.05

was considered significant. Kolmogorov-Smirnov tests were used to check the data for normality.

Results

Induction of LPS tolerance

Tolerance was successfully induced by pre-incubating PBMC with 0.1 and 1.0 ng/mL LPS for 6,
24 and 48 h before challenging the cells with 100 ng/mL LPS. Based on the results of these experiments,
pre-incubation with 1.0 ng/mL LPS for 48 hours followed by challenge with 100 ng/mL LPS were chosen
for further experiments. Under these conditions, we observed low residual activation by LPS pre-
incubation (LPS-Medium), whereas TNF-a production was notably high in challenged cells (Medium-
LPS) (positive control) and diminished in pre-incubated and challenged cells (LPS-LPS) (tolerance)

(Figure 2).

LPS pretreatment does not modulate TLR4 and CD14 expression on the surface of monocytes

To investigate whether tolerance to LPS was influenced by modulation of cell surface receptors
induced by the LPS pre-exposure, the expression of TLR4 and CD14 was evaluated on the surface of
monocytes following stimulation with increasing doses of LPS. No differences in TLR4 and CD14
expression were observed between conditioned (0.1, 1 and 10 ng/mL of LPS) and un-conditioned cells
after 48 h of incubation, demonstrating that tolerance was not due to diminished capacity of the cell for

sensing LPS (Figure 3).
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LPS-induced gene expression

LPS challenge (Medium-LPS) modulated the expression of 61 out of the 84 genes examined; of
those 61 genes, 36 were up-regulated and 25 were down-regulated compared to their expression levels in
un-stimulated cells (Medium-Medium) (fold change>|2|). Expression of the 23 remaining genes was not
influenced by LPS (Medium-LPS). The kinetics of gene expression were assessed after 2, 6, and 24 h.

The expression levels of most of the genes examined peaked between 2 and 6 h (Table 1).

Effects of LPS-pretreatment on gene expression

Genes were assigned to one of three groups based on the way in which their expression was
affected by pretreatment of cells with LPS for 48 hours before LPS challenge (LPS-LPS). LPS-induced
changes in expression of genes in the first group were reversed by pretreatment with LPS, while LPS-
induced changes in expression of genes in the second group were not affected by LPS pretreatment, and
LPS-induced changes in expression of genes in the third group were exacerbated by LPS pretreatment.
The first group includes both genes up-regulated by LPS (Medium-LPS) that decreased in expression
when the cells were pretreated before LPS challenge (LPS-LPS) (Figure 4A) and genes down-regulated
by LPS (Medium-LPS) that increased in expression when the cells were pretreated before LPS challenge
(LPS-LPS) (Figure 4B). The second group comprises genes up-regulated or down-regulated by LPS
challenge (Medium-LPS) that were not affected by pretreatment (LPS-LPS) (-2<fold change<2) (Figure
4C and D, respectively). The third group includes genes that were either up-regulated or down-regulated
upon LPS challenge and were further up-regulated or down-regulated when cells were pretreated before
LPS challenge (Figure 4E and F, respectively). Genes in the first group were classified as tolerizeable
genes (T) because they respond to LPS pretreatment by reversing the effects of LPS challenge, whereas
genes in the second and third groups were classified as non-tolerizeable genes (NT) because they fail to
respond to LPS pretreatment or respond to LPS pretreatment by exacerbating the effects of LPS challenge
(Figure 5).

We considered that absent or low gene expression induced by LPS challenge (Medium-LPS)
might not be suitable to evaluate whether LPS pretreatment reversed the effect of LPS challenge.
Therefore, the analysis of tolerance for each gene was performed at their optimum expression when

stimulated with LPS (Medium-LPS) (Table 1), evaluated in kinetics of 2, 6 and 24 h.
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Surface receptor and adaptor expression

Among genes encoding surface receptors and adaptors, TLR1, TLR4, TLRS5, TRL7, TLRO,
TNFRSF1A, CD180, LY86, CLEC4E and CD86 were not tolerized, whereas TLR3, TLR6, TLRS,
TLR10, CD14, MD-2, SIGIRR and CD80 were tolerized. Except MD-2 and CD80, mRNA expression of
tolerized genes was increased when cells were pretreated with LPS before LPS challenge (LPS-LPS),
indicating that the LPS challenge-induced inhibition of these genes was reversed by LPS pretreatment.
LPS challenge-induced changes in the expression of non-tolerized genes were not reversed by LPS
pretreatment. Most of these genes were inhibited after LPS challenge with or without LPS pretreatment,

but CLEC4E was up-regulated following LPS challenge with or without LPS pretreatment.

MyD88-dependent pathway

Except for RIPK2, genes involved in the MyD88-dependent pathway upstream of NF-xB and
mitogen-activated protein kinases (MAPKs) (TIRAP, MyD88, IRAK2, TOLLIP, UBE2V1, and TAK1)
were not tolerized; the pattern of LPS challenge-induced up-regulation or down-regulation of these genes

was maintained in cells that were pretreated with LPS before LPS challenge.

Impaired NF-xB signaling in LPS-tolerant PBMC

Genes encoding NF-kB (NFkB1, NFkB2 and RELA) and its activator complex (CHUCK) were
tolerized. Despite high expression of CHUCK in tolerant cells (LPS-LPS), the expression of NFkBI,
NFkB2 and RELA were decreased when cells were pretreated before LPS challenge (LPS-LPS).
Moreover, an inhibitor of the NF-kB complex (NFkBIA) was not tolerized and maintained high levels of
mRNA expression. NR2C2, which represses an inhibitor of NF-kB activity, was tolerized and down-
regulated. In addition, NFxBILI1, a gene with uncertain function, was tolerized as indicated by the
pretreatment-induced reversal of its LPS challenge-induced up-regulation. Taken together, these results

show impaired signaling through the NF-kB pathway during tolerance (LPS-LPS).

Preservation of p38 and inhibition of JNK and ERK MAPK cascades in LPS-tolerant PBMC
The mitogen-activated protein kinases (MAPK) pathway included tolerant (MAP3K1, MAPKS,
FOS and JUN) and non-tolerant genes (MAP2K3, MAP2K4, HRAS and ELK-1). c-Jun NH(2)-terminal

kinase (JNK)-related genes (MAP2K4, MAPKS8 and JUN) and a gene involved in the extracellular signal-
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regulated kinase (ERK) pathway (HRAS) had decreased expression in LPS-pretreated cells, while genes
involved in the p38 pathway (MAP2K3, FOS) showed increased expression during LPS tolerance (LPS-
LPS). In addition, ELK-1, which provides signals for cell growth and survival, was up-regulated upon
both LPS challenge (Medium-LPS) and tolerance (LPS-LPS). ELK-1 encodes a transcription factor
activated by different kinases; in this case, it may have been activated by the p38 cascade. These results
demonstrate tolerance-induced regulation of MAPK pathway-related genes as indicated by inhibition of
the JNK and ERK cascades and preservation of the p38 cascade. Furthermore, this distinct regulation can

help to explain the differences observed in expression of genes encoding inflammatory mediators.

Attenuated TRIF-dependent pathway signaling

Genes encoding members of the TRIF-dependent pathway (TRIF and IFNB1) were tolerized; the
LPS challenge-induced up-regulation of these genes was reversed by LPS pretreatment, demonstrating an
inhibition of this pathway in tolerant cells (LPS-LPS). In contrast, the gene encoding a repressor of this
pathway, SARM-1, was not tolerized and LPS pretreatment did not affect its LPS challenge-induced
down-regulation. PELI-1, a protein responsible for one of the mechanisms by which the TRIF-dependent
pathway intersects with the MYD88-dependent pathway, was not tolerized and maintained a high level of
gene expression in LPS-pretreated cells, suggesting that this pathway attempted to activate the signals

downstream of LPS.

CASPS8 and PKR gene expression

CASPS, which induces cell death, was tolerized and up-regulated, while TNFR1 was inhibited
and not tolerized. It has been reported that CASP8 can also activate the NF-kB pathway (Maelfait and
Beyaert 2008). Thus, another possible explanation for the reversion of CASP8 inhibition might be its
attempt to activate the NF-kB pathway in tolerant cells (LPS-LPS).

In addition, EIF2AK2, often referred to as PKR, was expressed at high levels in LPS-stimulated
(Medium-LPS) and LPS-tolerant cells (LPS-LPS). PKR has been associated with several cellular
functions (Garcia ef al., 2006), and a role for PKR in the TLR4 signaling pathway has been proposed

(Horng et al., 2001).
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Expression of inflammatory mediators is distinctly modulated

Some inflammatory mediators were tolerized (TNF-a, LTA, IL12A, IL8, CCL2 and CXCL10),
while others were not tolerized (IL1A, IL1B, PTGS2, IL6, IL10, HSPA1A, CSF2 and CSF3). All tolerant
genes were up-regulated by LPS (Medium-LPS), and this effect was reversed when cells were pretreated
with LPS (LPS-LPS), resulting in diminished gene expression. Among the non-tolerant genes, all but

HSPAT1A were up-regulated by LPS, and this effect was maintained in cells pretreated with LPS.

Discussion

In this study, we show that in cells made tolerant to LPS, expression of genes encoding proteins
involved in TLR signaling was modulated by pretreatment with LPS. Pretreatment with LPS reversed the
effects of LPS challenge on these tolerant genes but did not affect the LPS challenge-induced modulation
of non-tolerant genes. The biological effect of reprogramming gene expression during tolerance depends
on the effect LPS challenge-induced gene up-regulation or down-regulation. We report that tolerant cells
have attenuated/inhibited expression of TRIF, NF-kB, ERK and JNK cascade-related genes but enhanced
expression of p38 cascade-related genes.

In spite of the differences among the tolerance models (nature of stimulus, dose of LPS
pretreatment, duration of pretreatment, and type of cell) and the responses of tolerized cells to LPS
challenge, it is clear that the development of a tolerance phenotype leads to regulation of the
inflammatory response (Fan and Cook, 2004). In our model, we were able to induce tolerance by
pretreating cells with low doses of LPS (0.1 ng/mL), as demonstrated by suppressed TNF-o production
upon LPS challenge. Although pretreatment with high doses of LPS induced a similar phenotype, it is
possible that high doses also involve depletion of cell machinery necessary to respond to a second dose of
LPS. In addition, the chosen time interval of 48 h between LPS pretreatment and challenge guaranteed
low residual cell activation; this was demonstrated by the similar amounts of TNF-a present in the
supernatants of LPS-conditioned (LPS-Medium) and control cells (Medium-Medium).

Modulation of the expression of cell surface receptors by LPS may account for the altered
response to a second LPS stimulus and even development of endotoxin tolerance. Decreased expression

of surface receptors in cells pretreated with LPS has been associated with the development of an
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endotoxin tolerance phenotype in mouse peritoneal macrophages (Nomura ef al., 2000). Studies of CD14
expression on the cell surface of human and mice cells reported either up-regulation (Labeta et al/, 1993)
or unchanged expression upon LPS pretreatment (Nomura et al., 2000). The effects of LPS pretreatment
on TLR4 expression are less clear; various studies have reported that LPS pretreatment results in up-
regulation (Mirlashari and Lyberg 2003), down-regulation (Nomura ef al., 2000; Medvedev et al., 2002)
or unchanged expression (Adib-Conquy and Cavaillon 2002) of TLR4.

In our model, we found no difference in monocyte surface expression of TLR4 and CD14
between pretreated and cells that were not pretreated, demonstrating that tolerance was not due to
diminished capacity of the cell to sense LPS and trigger downstream signals. Most reports demonstrating
LPS-induced modulation of mRNA or protein expression of cell surface receptors involved pretreatment
with higher doses of LPS for shorter periods of incubation than our protocol, and in these studies, the
expression of surface receptors eventually returned to normal levels. Thus, the lack of LPS-induced cell
surface receptor modulation in our experiments may be a result of the low concentration of LPS used for
pretreatment and the long time of incubation used in our model.

Further supporting the idea that tolerance is not due to down-regulation of cell surface receptors,
overexpression of TLR4 and CD14 failed to prevent endotoxin tolerance in CHO cells (Medvedev ef al.,
2001) or in 293T/CD14/TLR4/MD-2 cells (Medvedev and Vogel 2003). Moreover, Tominaga and
colleagues measured LPS uptake by tolerant macrophages and found enhanced activity compared to
normal cells (Tominaga et al., 1999). Taken together, these results show that modulation of surface
receptor expression cannot account for LPS-induced tolerance and that other mechanisms involved in the
LPS-mediated signal transduction must be considered (Dobrovolskaia and Vogel 2002). For a better
understanding of these mechanisms, we investigated the expression of 84 genes involved in the signal
transduction mediated by toll-like receptors in peripheral blood mononuclear cells made tolerant to LPS.
Gene expression was tested at 2, 6 and 24 hours after LPS challenge, allowing us to analyze the kinetics
of expression of each gene.

LPS stimulation results in either up-regulation or down-regulation of a large number of genes
(Calvano et al., 2005). Tolerance has been discussed as a phenomenon in which up-regulation of LPS-
induced gene expression (Medium-LPS) can be either inhibited (tolerizeable genes) or maintained (non-
tolerizeable genes) after pre-exposure to small doses of LPS; however, we are unaware of any published

reports that discuss tolerance in the context of LPS-down-regulated genes (Medium-LPS). In the present
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study, we observed that genes inhibited by LPS (Medium-LPS) can also be modulated by LPS
pretreatment (LPS-LPS). Although some authors have reported this phenomenon, a biological
interpretation is lacking. We show that the repression of these genes caused by LPS (Medium-LPS) can
be either reversed or maintained when cells are pretreated with LPS (LPS-LPS). In the first case,
tolerance occurs as a result of an increase in gene expression, such as that observed for CD14, CASPS8
and MAP3K1 (Figure 4B), while in the second case it occurs as a result of an inhibition of gene
expression, such as that observed for HRAS, MAP2K4 and TIRAP (Figure 4D).

Among genes encoding surface receptors and their adaptors, pre-exposure to LPS before LPS
challenge (LPS-LPS) resulted in tolerization of CD14 and MD-2 but not of TLR4. The down-regulation
of CD14 expression induced by LPS (Medium-LPS) was reversed by LPS pretreatment (LPS-LPS),
resulting in its up-regulation. MD-2 was up-regulated upon LPS challenge, and this LPS challenge-
induced modulation was reversed by LPS pretreatment. TLR4 was down-regulated upon LPS challenge
with or without LPS pretreatment. These findings suggest that after LPS pretreatment and challenge, cells
attempt to recognize LPS through CD14, but signal transduction, which requires TLR4 and MD2, is still
disrupted. In accordance with the tolerance model, in a recent study performed in PBMC from patients
with sepsis, severe sepsis and septic shock, we demonstrated increased expression of CD14 expression in
patients compared to healthy controls. In contrast, we found enhanced expression of TLR4 and MD2
(Salomao et al. 2009). mRNA and protein expression of CD14, TLR4 and MD2 have been reported to be
enhanced, preserved or inhibited in different LPS tolerance experiments and in septic patients (Harter et
al., 2004; Brunialti et al., 2006; Mages et al., 2007).

TLR4 signals are negatively modulated by other cell surface proteins such as single
immunoglobulin IL1R-related molecule (SIGIRR), a member of the TLR/IL-1R superfamily. LPS
pretreatment caused reversion of LPS-induced modulation of SIGIRR, resulting in increased levels of
expression of SIGIRR. These findings are in agreement with those from septic patients, in whom SIGIRR
mRNA expression was enhanced (Adib-Conquy et al., 2006). Attenuation of TLR4 signaling in tolerant
cells may prevent further damage caused by persistent infection.

Except for RIPK2, genes involved in the MyD88-dependent pathway upstream of NF-xB and
MAPK were not tolerized. Thus, LPS pretreatment did not reverse the pattern of gene expression
observed when cells were stimulated with LPS, demonstrating that tolerance did not affect this part of the

signaling cascade.
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In contrast, genes encoding the NF-kB complex were tolerized and inhibited, while a repressor
of NF-kB was induced and not tolerized. Expression of NR2C2, which favors the transcription of NF-kB
genes, was impaired. Together, these results reflect impaired signal transduction through this pathway.
Accordingly, studies in murine peritoneal macrophages (Bohuslav et al., 1998) and human monocytic cell
lines (Ziegler-Heitbrock 2001) made tolerant to LPS demonstrated impaired NF-kB activation and an
increase in the inactive NF-kB p50 homodimer of NF-kB. In addition, a study of septic patients
demonstrated that NF-kB expression in mononuclear cells resembles that observed during LPS tolerance
(Adib-Conquy et al., 2000). Our study of the TLR signaling pathway in septic patients (Salomao et al.,
2009) strongly supports these results by demonstrating down-regulation of all genes encoding the NF-xB
complex and up-regulation of the repressor of NF-kB in septic patients. Moreover, a new role for NF-xkB
p50 homodimers has been recently proposed by Lawrence ef al. (Lawrence et al., 2001), suggesting that
their predominance may suppress the expression of inflammatory genes such as IL-12 and TNF-a and
promote the expression of genes including IL-10 and COX2. This hypothesis is in agreement with our
finding that IL-12 and TNF-a are repressed and tolerized, while IL-10 and PTGS2 (COX2) are inducible
and not tolerized. PTGS2, known as a pro-inflammatory mediator during early phases of inflammation,
has been reported to have anti-inflammatory effects at later phases (Gilroy ef a/.,1999), thus accounting
for resolution of inflammation. This may explain the maintenance of high levels of PTGS2 during
tolerance in our experiments. Furthermore, prostaglandin production remains active in septic patients,
which may contribute to decreased cytokine production in these patients (Choudhry et al., 1999). Hence,
the presence of PTGS2 in tolerant cells may be partially responsible for the down-regulation of some
cytokines in our model.

Attenuated or suppressed signaling through the MAPK pathway are widely reported in diverse
models of tolerant cells (Tominaga et al., 1999; Medvedev ef al., 2002). In our study, genes encoding
members of the MAPK pathway included tolerant and non-tolerant, suppressed and inducible genes;
members of the JNK and ERK cascades were predominantly inhibited, while members of the p38
pathway were activated. Accordingly, a study by Mendez et al. suggests that activation of p38 MAPK is
necessary for LPS tolerance induction in rat peritoneal macrophages (Mendez et al., 2000). Similar results
were found in trauma patients, who showed higher levels of phosphorylated p38 than healthy volunteers
(Adib-Conquy et al., 2003). We suggest that p38 cascade preservation may account for the up-regulation

of some mediators during tolerance through a mechanism using ELK-1 and FOS transcription factors and
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activators of p38, such as MAP2K3, TAKI, MAP3K1, which are up-regulated in tolerant cells.
Accordingly, ELK-1, FOS, MAP2K3 and TAKI1 were preserved or up-regulated in septic patients
compared to healthy controls in a previous study from our group, while JUN and its activator MAP2K4
were down-regulated (Salomao ef al., 2009). In addition, Frevel ef al. described 42 novel AU-rich genes
that show p38-dependent mRNA stabilization in THP-1 cells treated with LPS, a mechanism implicated
in the regulation of cell growth, differentiation and immune response (Frevel ef al., 2003). Our finding
that the p38 pathway was preserved during tolerance may help us to explain why some genes showed
high levels of mRNA expression, while others did not; there are parallels between the genes up-regulated
in our study and p38-dependent mRNA stabilized genes (COX2, IL1A, and IL1B) and between genes
down-regulated in our study and p38-independent mRNA stabilized genes (TNF, LTA, JUN, IFN-f, and
IRF3).

Studied genes from the TRIF-dependent pathway were tolerized and inhibited after pretreatment
and challenge with LPS; this was observed as a reversal of LPS-induced gene up-regulation (Medium-
LPS). These results indicate that this pathway and its products are inhibited during endotoxin tolerance,
although this pathway is under-represented in our array. In agreement with our findings, Piao ef al.
recently demonstrated in elegant experiments that LPS-induced TLR4-TRIF and TRIF-TBKI
associations, TBK-1 kinase activity and IRF3 activation were inhibited in endotoxin-tolerant human
monocytes (Piao et al., 2009). Although other studies also show inhibition of this pathway in tolerant
cells, contrasting results have been reported in the literature (Biswas and Lopez-Collazo, 2009). Hence,
further studies are required to reach a better understanding of the role of the TRIF pathway in
inflammation and endotoxin tolerance.

PELII has been described to be an E3 ubiquitin ligase that is specifically required for TRIF-
induced RIP1 ubiquitination and IKK activation (Chang et al., 2009). The TRIF-dependent pathway was
blocked and PELIl was up-regulated and not tolerized in our experiments, suggesting an alternative
mechanism by which the TRIF-dependent pathway may activate the signals triggered by LPS in tolerant
cells.

Disrupted activation of adaptive immunity has been described in human LPS-tolerant monocytes
(Wolk et al., 2000; del Fresno et al., 2009), consistent with the decreased MHC class II and co-
stimulatory molecule gene expression observed in these cells. Accordingly, we found that genes related to

adaptive immunity were inhibited in tolerant cells. The co-stimulatory molecules CD80 and CD86 and the
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Thl cytokine IL12 were expressed at lower levels in tolerant cells than in LPS-challenged cells that were
not pretreated with LPS; this was a result of either reversal or maintenance of the effects of LPS. CD180
(RP105) and its adaptor LY86 (MD-1), proteins mediating inhibition of TLR4 signaling that are present
on the surface of B cells (Divanovic et al., 2005), were inhibited under both conditions, Medium-LPS and
LPS-LPS. These findings are in agreement with previous findings in cells from septic patients, both at
level of gene expression (Salomao et al., 2009) and surface HLA-DR protein expression (Salomao ef al.,
2002).

Regulation of expression of genes related to apoptosis, including TNFR1, CASPS, PKR and
IRF1, is somewhat unclear in our tolerance model. Upon LPS challenge, TNFR1 and CASP8 were down-
regulated, and LPS pretreatment reversed the inhibition of CASPS8, but did not affect TNFR1 repression.
PKR was up-regulated by LPS, and this was maintained in LPS-pretreated cells, while the LPS challenge-
induced up-regulation of IRF1 was reversed in tolerant cells. Hence, our results are not conclusive
regarding apoptosis.

Of note, CASP8 and PKR are involved in several other cellular functions (Garcia et al., 2006;
Maelfait and Beyaert 2008) that may take place in the context of tolerance. In addition to the pro-
apoptotic function of CASPS, it plays a role in embryonic development, monocyte differentiation, T cell
activation, B cell survival and activation of NF-xB, implicating this caspase in cell survival and immune
response functions (Maelfait and Beyaert 2008). Hence, a possible explanation for the reversal of CASP8
inhibition in tolerant cells might be an attempt to activate the NF-kB pathway in tolerant cells and to
account for monocyte differentiation, consistent with the high level of CSF2 and CSF3 expression
observed in our experiments. PKR, in addition to its well-established role in the cellular response to viral
infection, also seems to participate in the TLR4 signaling pathway (Horng ef al., 2001). PKR is important
in the activation of p38, as demonstrated by diminished p38 MAPK activation and disrupted IL-6 and IL-
12 p40 production in PKR-deficient mouse embryonic fibroblasts (MEFs) stimulated with LPS (Goh et
al., 2000). The high expression of PKR mRNA in our experiments supports the activation of the p38
cascade in tolerant cells described above.

Cytokines, chemokines and colony stimulating factors were differentially regulated in LPS-
tolerant cells. The up-regulation of TNF-a, LTA, IL-12A, IL-8, CCL2, CXCL10 induced by LPS
challenge was reversed in tolerant cells, while up-regulation of IL-1A, IL-1B, PTGS2 (COX2), IL-6, IL-

10, CSF2 and CSF3 was maintained. The down regulation of CXCL10, CCL2 and IL-8 in tolerant cells is
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consistent with control of the inflammatory response by diminishing the recruitment of inflammatory
cells such as neutrophils. Impairment of neutrophil migration to the site of infection has been reported in
experimental and clinical studies of sepsis (Brown et al., 2006; Alves-Filho et al., 2008). Considering the
down-regulation of TNF-a, IL-12A, and the co-stimulatory molecules CD80 and CD86 and the
preservation of IL-10 expression, it seems that tolerance-induced reprogramming takes place to control
the immune response triggered by monocytes, possibly resulting in decreased activation of macrophages,
neutrophils and lymphocytes.

Studies in tolerant cells from humans and mice show decreased expression of several pro-
inflammatory cytokines (TNF-a., IL-6, and IL-8), whereas expression of anti-inflammatory mediators is
preserved (IL-1ra and IL-10) (Cavaillon and Adib-Conquy, 2006). Interestingly, it has been shown that
LPS-induced IL-10 production is regulated by the transcription factor Spl, which is activated via p38
(Adib-Conquy et al., 2003), providing support for our findings that the p38 cascade was preserved and
IL-10 production was enhanced during tolerance.

The pattern of cytokine gene expression found in tolerant cells is reminiscent of the modulation
of cytokine production found in cells from septic patients, with preserved IL-10 and colony stimulating
factor and diminished TNF-a and IL-12; however, we found preserved expression of IL-1 and IL-6,
which are often reported to be diminished in these patients (Cavaillon and Adib-Conquy, 2006).
Accordingly, in a previous study evaluating cytokine gene expression in mononuclear cells from septic
patients, we observed that the expression of TNF-o was inhibited, whereas IL-10 expression was
preserved (Salomao et al., 2009). In addition, we also reported that LPS-induced production of TNF-a
was lower in supernatants of PBMC from septic patients than those from healthy volunteers, while no
difference was found in IL-10 levels (Rigato and Salomao, 2003). Despite the preservation of the ability
of LPS to bind the cell surface, the response of monocytes to LPS was decreased (Salomao et al., 2002).

Corroborating the results that demonstrated cell reprogramming during tolerance, ROS
production was preserved and inflammatory cytokine production was inhibited in monocytes made
tolerant to LPS (del Fresno et al., 2009). In accordance, we observed increased production of ROS
(Martins et al., 2008) and decreased production of pro-inflammatory cytokines (Brunialti ez al., 2006) in
LPS-stimulated monocytes from septic patients when cells were stimulated with LPS and compared to

those from healthy volunteers.
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Preserved up-regulation of ELK-1, CSF2 and CSF3 provides evidence that tolerant cells are still
signaling for survival, growth, proliferation and development. In addition, CLEC4E has been reported to
be a receptor that senses tissue damage (Yamasaki et al., 2008). In the current study, its expression was
up-regulated upon LPS stimulation, and this pattern was maintained during tolerance, a result also found
by Foster ef al. (Foster et al., 2007). These findings reinforce the idea that cells continue to sense LPS and
signal during tolerance. Indeed, CLEC4E expression was strongly increased in septic patients compared
to healthy controls in a previous study from our laboratory (Salomao ef al., 2009).

In conclusion, cascades involved in TLR pathway signaling are differentially regulated in
tolerant cells as demonstrated by preserved expression of genes involved in the p38 cascade as well as
attenuated and inhibited expression of TRIF, NF-kB, ERK and JNK cascade-related genes. These
findings can be explained by the presence of negative regulators of the TLR pathway and epigenetic
mechanisms. The differential regulation of these cascades may modulate the up-regulation and down-
regulation of inflammatory mediators resulting in cell function reprogramming in tolerant cells, although
gene-specific mechanisms are probably also involved at this level, accounting for differential regulation
of cascade products, such as TNF-a and IL-10. As pointed out by Foster et al. (Foster et al., 2007),
because genes involved in a common pathway have different functions, it is reasonable that their
expression is differentially regulated.

The presence of tolerant and non-tolerant genes in human mononuclear cells shows that
tolerance is a mechanism that modulates the cell’s response to LPS, which is not directly controlled by
the expression of the LPS receptor complex. Moreover, it becomes clear that tolerance is not synonymous
with repression and might also occur through the up-regulation of a previously inhibited gene. Down-
regulation of genes probably occurs in an attempt to stop tissue damage caused by excessive

inflammation, while mechanisms involved in cell growth and survival are maintained.
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Figure Legends

Figure 1. Schematic representation of endotoxin tolerance model and the techniques used for
analysis. Tolerance was induced by pre-incubating PBMC with 1.0 ng/mL LPS for 48 h before
challenging cells with 100 ng/mL LPS. ELISAs were performed after 48 h to evaluate residual TNF-a
production and after 54 h to evaluate tolerance. Expression of TLR4 and CD14 was evaluated on the

surface of monocytes by flow cytometry. PCR arrays were performed at 50, 54 and 72 h.

Figure 2. In vitro induction of LPS tolerance. Tolerance was induced in PBMC by incubation with 1
ng/mL LPS for 48 hours, cells were challenged with 100 ng/mL LPS for 6 hours and induction of
tolerance was confirmed by diminished TNF-o secretion as measured by ELISA. The data are
representative of three experiments including a total of eight volunteers. * p < 0.05 when comparing

Medium-LPS with Medium-Medium. # p < 0.05 when comparing Medium-LPS with LPS-LPS.

Figure 3. Effect of LPS pretreatment on the expression of TLR4 and CD14 on the surface of
monocytes. LPS-treated (0.1, 1 and 10 ng/mL) and untreated PBMC were stained with anti-TLR4 (PE)
and anti-CD14 (PerCP) after incubation for 48 hours, and the expression of these proteins on the cell
surface of monocytes was measured by flow cytometry and expressed as the geometric mean fluorescence

intensity (GMFI). The data are representative of two experiments with a total of five volunteers.

Figure 4. Patterns of gene expression modulation following pretreatment and challenge with LPS.
(A and B): reversal of the effects of LPS, (C and D): maintenance of the effects of LPS, (E and F):
exacerbation of the effects of LPS. Medium-Medium: cells were neither pretreated nor challenged,
Medium-LPS: cells were only challenged with 100 ng/mL of LPS, LPS-LPS: cells were pretreated with 1
ng/mL of LPS for 48 hours and challenged with 100 ng/mL of LPS. Gene expression was evaluated after

2,6 and 24 h following LPS-challenge.

Figure 5. Toll-like receptor signaling pathway in LPS-tolerant cells. Tolerance was induced by
pretreatment with 1 ng/mL of LPS for 48 hours, and cells were challenged with 100 ng/mL LPS for 2, 6

and 24 h. Genes shown in green were induced and genes shown in orange were repressed. Tolerant genes
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are represented with bold boundaries, while non-tolerant genes are represented with normal boundaries.

Genes not influenced by LPS stimulation are shown in white. This cell is representative of a mononuclear

cell evaluated at the peak of expression of each gene. The web-based Ingenuity Systems Inc. was used to

obtain information about the studied genes and their relationships and networks. To obtain further

information, please access www.ingenuity.com.

Figures
1 ng/mLLPS 100 ng/mL LPS
or medium or medium
Pretreatment Challenge
Oh 48 h 50 h 54 h 72 h
ELISA
(TNF-a)
Flow Cytometry
(TLR4 and CD14)
PCR Array PCR Array PCR Array

Figure 1.

38



Figure 2.

1

CD14 expression (GMFI)

Figure 3.

10000
A A
1000 A x
AA
. o Vv v’
_E' 100 0g00 =
g 10 * n® Y
3 . v
LEL 1 [ X | ] \AJ
0.1
0.01 T T T T
Medium-Medium  LPS-Medium Medium-LPS LPS-LPS
000+ 60-
<
- v
800 v 9) . . iy ;
c 401 e .
6004 v .% —
[ n N A 23 ° [] v
—— Py ] A 4 vy
wd T TR —— T & " "
u A v s 207
M <
200+ 14
—
._
C L) ] L) |} C ) ] ) L)
0 0.1 1 10 0 0.1 1 10
LPS (ng/mL) LPS (ng/mL)

39



€

=

k=%

25

EEQ

234

T T W

225

RNN\N\N
L) ) 0 °
- - o o
abueys pjo4

N\\\N

601

CASP8 MAP3K1

CcD14

JUN IL-8

TNF-a

1.5

L)
o
-

El

ueyo pjo4

ANNNNNNNNNNY

ab

ueys pjo4

MAP2K4 TIRAP

HRAS

CSF2 IRAK2

IL10

TLR7

abueys pjo4

AN

CSF3

abueyd pjo4

Figure 4.

40



OOP® - 00PPOP " 9009 O - OOV
| |
!

oYVdd

13y - £dIBAY
> _d

YN ‘/ |/
ENEN]
, 3 A
,, ,,,, S_E<_>_A msa\
> SIsOLdodv | , 7
\ 11593 4
| | \ by A
AS 4
y Nzagn
EELET
——— xx\ |
o B % o
avi < ‘ _ m
vaNdd
m _ N E_u_m“ N 32319 _ UL THIL THL Tyl _
(21e5)
VI4S¥IINL

Figure 5.

41



Tables

Table 1. LPS-induced gene expression (Medium-LPS) and effect of LPS-pretreatment (LPS-LPS) in TLR

signaling pathway.
LPS-induced gene expression Effect of LPS-pretreatment
time of Fold change
Fold change = Modulation by
Gene maximu  (Medium-LPS
Description (LPS-LPS/ LPS-
symbol m change / Medium-
Medium-LPS) pretreatment
((h) Medium)
Bruton agammaglobulinemia tyrosine
BTK kinase - -
Caspase 8, apoptosis-related cysteine
CASPS8 peptidase 2 -4,7 2,14 T
CCL2 Chemokine (C-C motif) ligand 2 24 3,32 -3,25 T
CD14 CD14 molecule 6 -3,82 2,76 T
CD180 CD180 molecule 6 -17,55 1,59 NT
CDS80 CD80 molecule 24 16,37 -9,85 T
CD86 CD86 molecule 6 -4,39 1,29 NT
Conserved helix-loop-helix ubiquitous
CHUK kinase 2 -3,56 2.3 T
C-type lectin domain family 4,
CLEC4E member E 24 13,3 -2 NT
Colony stimulating factor 2
CSF2 (granulocyte-macrophage) 6 8,98 1,2 NT
Colony stimulating factor 3
CSF3 (granulocyte) 6 20,63 3,17 NT
CXCL10 Chemokine (C-X-C motif) ligand 10 6 435,54 -122,22 T
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Eukaryotic translation initiation factor
EIF2AK2 2-alpha kinase 2
ELK1, member of ETS oncogene
ELK1 family
Fas (TNFRSF6)-associated via death
FADD domain
V-fos FBJ murine osteosarcoma viral
FOS oncogene homolog
HMGBI1 High-mobility group box 1
V-Ha-ras Harvey rat sarcoma viral
HRAS oncogene homolog
HSPA1A Heat shock 70kDa protein 1A

Heat shock 60kDa protein 1

HSPD1 (chaperonin)

IFNA1 Interferon, alpha 1
IFNB1 Interferon, beta 1, fibroblast
IFNG Interferon, gamma

Inhibitor of kappa light polypeptide
IKBKB gene enhancer in B-cells, kinase beta
IL10 Interleukin 10
Interleukin 12A (natural killer cell
stimulatory factor 1, cytotoxic

IL12A lymphocyte maturation factor 1, p35)

IL1A Interleukin 1, alpha
IL1B Interleukin 1, beta
1L2 Interleukin 2
IL6 Interleukin 6 (interferon, beta 2)
IL8 Interleukin 8

Interleukin-1 receptor-associated

IRAK1 kinase 1

22,11

2,24

-2,05

-3,56

353,77

5,53

3.4
268,11

54,44

615,95

50,80

-1,91

-1,62

2,41

-1,10

1,70

221,11

1,29

-3,48
-1,62

1,23

1,07

-3,25

NT

NT

NT

NT

NT

NT

NT

NT
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IRAK2

IRF1

IRF3

JUN

LTA

LY86

LY96

MAP2K3

MAP2K4

MAP3K1

MAP3K?7

MAP3K7I

P1

MAP4K4

MAPKS

MAPKSIP

3

MYDS88

NFKB1

NFKB2

Interleukin-1 receptor-associated
kinase 2
Interferon regulatory factor 1
Interferon regulatory factor 3
Jun oncogene
Lymphotoxin alpha (TNF
superfamily, member 1)
Lymphocyte antigen 86
Lymphocyte antigen 96
Mitogen-activated protein kinase
kinase 3
Mitogen-activated protein kinase
kinase 4
Mitogen-activated protein kinase
kinase kinase 1
Mitogen-activated protein kinase
kinase kinase 7
Mitogen-activated protein kinase
kinase kinase 7 interacting protein 1
Mitogen-activated protein kinase
kinase kinase kinase 4
Mitogen-activated protein kinase 8
Mitogen-activated protein kinase 8
interacting protein 3
Myeloid differentiation primary
response gene (88)
Nuclear factor of kappa light
polypeptide gene enhancer in B-cells
1

Nuclear factor of kappa light

14,59

3,91

9,62

4,81

-4,39

7,29

5,53

-2,19

-488,88

2,76

9,62

2,76

8,38

5,16

-1,23

-2,83

-5,28

-3,25

-1,91

-2,46

-1,87

1,32

207,94

-2

-1,91

NT

NT

NT

NT

NT

NT
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NFKBIA

NFKBIL1

NFRKB

NR2C2

PELI1

PPARA

PRKRA

PTGS2

REL

RELA

RIPK2

SARM1

SIGIRR

polypeptide gene enhancer in B-cells
2 (p49/p100)

Nuclear factor of kappa light
polypeptide gene enhancer in B-cells
inhibitor, alpha
Nuclear factor of kappa light
polypeptide gene enhancer in B-cells
inhibitor-like 1
Nuclear factor related to kappaB
binding protein
Nuclear receptor subfamily 2, group
C, member 2
Pellino homolog 1 (Drosophila)
Peroxisome proliferator-activated
receptor alpha
Protein kinase, interferon-inducible
double stranded RNA dependent
activator
Prostaglandin-endoperoxide synthase
2 (prostaglandin G/H synthase and
cyclooxygenase)

V-rel reticuloendotheliosis viral
oncogene homolog (avian)
V-rel reticuloendotheliosis viral
oncogene homolog A (avian)
Receptor-interacting serine-threonine

kinase 2

Sterile alpha and TIR motif containing

1

Single immunoglobulin and toll-

5,92

-5,40

34

16,76

101,59

4,49

14,59

-2,05

-7,64

-1,74 NT
3,48 T
3,48 T
1,41 NT
-1,23 NT
4 T
2,46 T
1,23 NT
3,40 T
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interleukin 1 receptor (TIR) domain

SITPEC ECSIT homolog (Drosophila) -
TBK1 TANK-binding kinase 1 -
TICAM1 Toll-like receptor adaptor molecule 1 2 5,53 -2,64

TICAM2 Toll-like receptor adaptor molecule 2 -

Toll-interleukin 1 receptor (TIR)

TIRAP domain containing adaptor protein 2 -2,19 -1,07
TLR1 Toll-like receptor 1 6 -2,19 -1,35
TLR10 Toll-like receptor 10 6 -3,56 2,24
TLR2 Toll-like receptor 2 -

TLR3 Toll-like receptor 3 6 10,31 -3,56
TLR4 Toll-like receptor 4 24 -4,19 2
TLR5 Toll-like receptor 5 24 -4,81 1,52
TLR6 Toll-like receptor 6 6 -5,04 2,58
TLR7 Toll-like receptor 7 24 -2,76 -3,73
TLRS Toll-like receptor 8 24 2,35 -2,30
TLR9 Toll-like receptor 9 6 -2,35 1,59

Tumor necrosis factor (TNF

TNF superfamily, member 2) 2 35,92 -4,92
TNFRSF1 Tumor necrosis factor receptor
A superfamily, member 1A 6 -2,52 1,38
TOLLIP Toll interacting protein 6 -2,05 1,29
TRAF6 TNF receptor-associated factor 6 -

Ubiquitin-conjugating enzyme E2N
UBE2N (UBC13 homolog, yeast) -
Ubiquitin-conjugating enzyme E2

UBE2V1 variant 1 24 -3,17 1,52

T: Tolerizeable; NT: Non-tolerizeable



4. CONCLUSAO

As cascatas envolvidas na sinalizagdo dos TLRs estdo diferentemente
reguladas em células tolerantes, conforme demonstrado pela expressao preservada
de genes envolvidos na cascata da p38, assim como expressao atenuada ou inibida
de genes relacionados as cascatas TRIF, NF-kB, ERK e JNK. Esses achados podem
ser explicados pela presenga de reguladores negativos da via dos TLRs somado a
atuagcao de mecanismos epigenéticos. A regulagcao diferencial dessas cascatas pode
modular o aumento ou diminuicdo de expressdo de mediadores inflamatorios,
resultando em reprogramagao das funcbes celulares na tolerancia. Além disso,
mecanismos epigenéticos também devem estar presentes neste nivel da cascata,
contribuindo para a regulacao diferencial dos produtos de uma mesma cascata, como
TNF-o. e IL-10. Conforme demonstrado por Foster e colaboradores, uma vez que
genes de uma mesma via de sinalizacdo possuem fungdes distintas, € um tanto
quanto razoavel que a expressao destes genes possam ser reguladas separadamente.

A presenca de genes tolerantes e nao-tolerantes em células mononuclares
humanas mostra que a tolerancia € um mecanismo que modula a resposta da célula
ao LPS, o qual nao é controlado diretamente pela expressdo do complexo receptor do
LPS. Ainda, fica evidente que tolerdncia ndo & sindnimo de repressao, podendo
ocorrer por meio de aumento de expressdo de um gene previamente inibido pelo
desafio com LPS. Regulacdo génica negativa parece ocorrer na tentativa de conter o
dano tecidual causado pela inflamagao excessiva, enquanto mecanismos envolvidos

no crescimento e sobrevida celular estdo preservados.
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5. ANEXOS

5.1 Resultados Complementares

5.1.1. Expressao génica induzida pelo desafio com LPS (Meio-LPS)

As CMSP foram incubadas em meio de cultura RPMI 10% FCS por 48 horas e
entdo desafiadas com 100ng/mL de LPS. A expressao génica induzida pelo desafio
com LPS foi avaliada em trés momentos, 2, 6 e 24 horas ap6s o estimulo. Com 2
horas, o LPS ativou 47 genes, sendo 34 regulados positivamente e 13 regulados
negativamente (Figura complementar 1 A). Com 6 horas, observados ativagao de 41
genes, 23 com regulagao positiva e 18 com regulagao negativa (Figura complementar
1 B). Ja com 24 horas, somente 24 genes estavam ativados, 17 e 7 com regulacao

positiva e negativa, respectivamente (Figura complementar 1 C).
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Figura complementar 1. Expressao génica da via de sinalizagdo dos receptores do tipo Toll.
As CMSP foram incubadas por 48 horas e entdo estimuladas com 100 ng/m L de LPS por: A) 2
horas, B) 6 horas e C) 24 horas. Genes em verde estao regulados positivamente (fold change >
2), enquanto os genes em laranja estao regulados negativamente (fold change < -2). Genes em

branco n&o foram ativados pelo LPS (-2 < fold change < 2).
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5.1.2. Padronizag¢ao do modelo de tolerancia

A padronizagao do modelo de tolerancia ao LPS em CMSP contemplou doses de
condicionamento de 0,1 e 1ng/mL de LPS seguido de incubacéao por 6, 24 e 48 horas.
Apos cada periodo, as células foram desafiadas com 100ng/mL durante 6 horas. Para
avaliacdo da inducao da tolerancia ao LPS, foi realizado ELISA para deteccdo de TNF-

a. (Figura complementar 2).

6 horas

ELISA
1°LPS 24 horae 2°LPS 6 horas  para
48 horas TNF-x
0,1 ng/mL
100 ng/mL
1,0 ng/mL

Meio de cultura
Meio de cultura

Figura complementar 2. Modelo esquematico da padronizagdo do modelo da tolerancia ao
LPS em CMSP.

Em todas as situacdes, foi possivel induzir tolerancia (Figura complementar 3).
No entanto, o modelo escolhido utilizou condicionamento com 1ng/mL de LPS por 48
horas. Neste modelo, pudemos observar um pequena producao residual de TNF-a
pelo estimulo de condicionamento, consideravel producdo de TNF-o nas células
somente desafiadas com LPS (controle positivo), e marcante diminuicdo da produgéao
dessa citocina quando as células foram condicionadas e desafiadas com LPS (Figura

complementar 3 C).
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Figura complementar 3. Padronizagao do modelo de tolerancia ao LPS. As CMSP foram
condicionadas com 0,1 ou 1 ng/mL de LPS por A) 6, B) 24, C) 48 horas e posteriormente
desafiadas com 100 ng/mL de LPS. Apds 6 horas foi feito um ELISA para detecgdo de TNF-a

no sobrenadante.

Nos protocolos apresentados a seguir, a indugdo de tolerancia ao LPS
contempla apenas a descricdo do modelo escolhido, uma vez que os experimentos

com células tolerantes foram realizados a partir deste modelo.
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5.2. Protocolos

Separacgao das células mononucleares do sangue periférico (CMSP)

10.
11.
12.

13.

14.

Coletar o sangue em tubo a vacuo contendo heparina;

Homogeneizar os tubos para nao coagular;

Transferir o sangue para 1 tubo de 50mL e diluir em parte igual com soro
fisiolégico estéril;

Para cada 35mL de sangue diluido preparar 1 tubo de 50mL com 15mL de Ficoll-
Paque PLUS (GEHealthcare, Suécia);

Adicionar vagarosamente o sangue diluido ao tubo contendo ficoll. Centrifugar a
500gq, accel e brake 1, 18°C por 20 minutos;

Coletar dos tubos a nuvem de células acima do ficoll e transferir para outro tubo
de 50mL completando com soro fisiolégico;

Centrifugar a 500g, 18°C por 10 minutos. Desprezar o sobrenadante;

Repetir a lavagem no tubo com 50 mL de soro fisiolégico. Centrifugar. Desprezar o
sobrenadante;

Acrescentar 3 mL de cloreto de amébnio, homogeneizar e deixar por 2 minutos.
Acrescentar 10mL de meio RPMI com 10% FCS;

Centrifugar a 500g, 18°C por 10 minutos. Desprezar o sobrenadante;
Ressuspender o botao de células em 10 mL de meio RPMI com 10% FCS

Efetuar contagem de células na camara de Neubauer: 10 uL da suspensdo de
células + 90 ulL de Trypan Blue (diluicao 1:10). Contar pelo menos 2 quadrantes
em diagonal;

Calculo: numero total de células = (média dos quadrantes)x(diluigdo da amostra no
trypan blue)x(volume da suspensao de células)x(10%);

Acertar concentragao de células para o desejado.
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Indugao de tolerancia ao LPS

1. Em uma placa de 6 pocgos, pipetar 2 mL da suspensido de CMSP na
concentragdo de 2x10° células/mL em cada poco;
2. Pipetar os estimulos de condicinamento (20ulL da solugao de LPS de 0,1ng/mL

para concentracao final de 1ng/mL) nos pogos adequados, conforme esquema

abaixo:
Tolerancia: 1°LPS
Controle positivo: Meio
Controle negativo: Meio

3. Incubar as placas por 48 horas a 37°C e 5% de COy;
4. Passadas as 48 horas, pipetar o estimulo de desafio (10uL da solugao de LPS
de 10ng/mL para concentragao final de 100ng/mL) nos pogos adequados,

conforme esquema abaixo:

Tolerancia: 2° LPS
Controle positivo: 2° LPS
Controle negativo: Meio

5. Incubar a 37°C e 5% de CO, pelo tempo respectivo a cada protocolo:

= para ELISA:
Incubar a 37°C e 5% de CO; por 6 horas, colher o sobrenadante e guardar em -
80°C

= para PCR array
Incubar uma placa por 2 horas a 37°C e 5% de COy;
Incubar uma placa por 6 horas a 37°C e 5% de COy;

Incubar uma placa por 24 horas a 37°C e 5% de COy;
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ELISA para detecgcéao de fator de necrose tumoral-alfa (TNF-o)

(BD Bioscience Pharmigen, EUA)

1.Sensibilizar a placa de 96 pogos com 50ulL/pog¢o de anticorpo anti-TNF-o na

A

11.
12.
13.

14.
15.
16.
17.

18.
19.
20.

concentracao de 4 uyg/mL diluido em tamp&o carbonato de sédio 0,1 M pH 9,5.
Selar a placa e incubar durante a noite a temperatura de 2-8°C;

Lavar a placa 3 vezes com PBS+0,05% Tween 20;

Colocar 250uL/pogo da solugao bloqueadora (PBS+1% BSA);

Incubar por 1 hora a temperatura ambiente;

Lavar a placa 3 vezes com PBS+0,05% Tween 20;

Diluir a curva padrao com rhTNF-a em RPMI 10% FCS, nas concentragdes
2000 pg/mL, 1000 pg/mL, 500 pg/mL, 250 pg/mL, 125 pg/mL, 62,5 pg/mL, 31,2
pg/mL, 15,6 pg/mL, 7,8 pg/mL. Manter um ponto s6 com o RPMI 10% FCS, que
sera o 0 pg/mL;

Colocar 100uL/pogo da curva padrao e amostras em duplicata;

Incubar por 1 hora a temperatura ambiente;

Lavar a placa 4 vezes com PBS+0,05% Tween 20;

. Acrescentar anticorpo anti-TNF-a biotinilado diluido em PBS+1% BSA e 0,05%

Tween 20 na concentragao de 1ug/mL;

Colocar 100uL/pocgo da solugéo e incubar por 1 hora a temperatura ambiente;
Lavar a placa 4 vezes com PBS+0,05% Tween 20;

Acrescentar 100ulL/poco de estreptavidina conjugada a peroxidase na
proporgcédo 1:1600 em PBS+1% BSA e 0,05% Tween 20;

Incubar por 30 minutos a temperatura ambiente;

Lavar 5 vezes;

Preparar o substrato misturando-se em partes iguais as solugao A e B.

Colocar 100ulL/pogo da solugao e incubar a temperatura ambiente no escuro
por aproximadamente 20 minutos;

Interromper a reagdo com 100uL/poco de acido sulfurico (H,SO,4) 1M;

Realizar a leitura das placas em espectofotdbmetro com filtro de 450 nm;

Com as leituras das densidades Opticas e concentragdes conhecidas do
rhTNF-a, construir um grafico e a equacgao da reta. Nesta equacéo, colocar os
valores das médias das densidades Opticas das amostras, multiplicar pelo valor
da diluicdo para obtencdo das concentragbes finais de TNF-a nos

sobrenadantes.
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PCR array
(SABioscience, EUA)

Os genes estudados fazem parte do Human Toll-Like Receptor Signaling
Pathway RT? Profiler™ PCR Array. Eles estao divididos funcionalmente nos seguintes

grupos mencionados abaixo:

Toll-Like Receptors: LY64, SIGIRR, TLR1, TLR2, TLR3, TLR4, TLR5, TLR6, TLR?,
TLRS, TLR9, TLR10.

Adaptors & TLR Interacting Proteins: BTK, CD14, HMGB1, HRAS, HSPA1A,
HSPD1, LY86 (MD-1), LY96 (MD-2), MAPKS8IP3, MYD88, PELI1, RIPK2, SARM1,
TICAM2, TIRAP, TOLLIP, TRIF.

Effectors: CASP8, EIF2AK2, FADD, IRAK1, IRAK2, MAP3K7 (TAK1), MAP3K7IP1
(TAB1), NR2C2, PPARA, PRKRA, SITPEC, TRAF6, UBE2N, UBE2V1.

Downstream Pathways and Target Genes:

NFkB Pathway: CCL2, CHUK, CSF2 (GMCSF), CSF3 (GCSF), IFNA1, IFNB1, IFNG,
IKBKB, IL1A, IL1B, IL2, IL6, IL8, IL10, IL12A, LTA, MAP3K1, MAP4K4, NFKB1,
NFKB2, NFKBIA, NFKBIL1, NFRKB, REL, RELA, TNF, TNFRSF1A.

JNK/p38 Pathway: ELK1, FOS (c-Fos), JUN, MAP2K3, MAP2K4 (JNKK1), MAP3K1
(MEKK), MAPKS8 (JNK1).

NF/IL6 Pathway: CLECSF9, PTGS2.

IRF Pathway: CXCL10, IFNA1, IFNB1, IFNG, IRF1, IRF3, TBK1.

Regulation of Adaptive Immunity: CD80, CD86, RIPK2, TRAFG6.

Preparagdo da amostra

1. Ao final do periodo de incubagao de cada placa, colher todo o sobrenadante,
em tubo de 15ml gelado e identificado. Efetuar 3 lavagens com 2-3mL em cada
poco da placa com PBS estéril gelado, utilizando o rodinho para colher as
células. Fazer um pogo de cada vez e manter os tubos em gelo;

2. Centrifugar a 500g durante 5 minutos a 4°C. Desprezar o sobrenadante
cuidadosamente;

3. Suspender o botdo de células em 700uL de PBS e transferir para um
microtubo;

4. Lavar o tubo de 15mL com mais 700uL de PBS e transferir novamente para o

microtubo;
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Centrifugar e desprezar o sobrenadante devagar, secando o botao de células
com uma micropipeta cuidadosamente;

Adicionar 1mL de Trizol™ (Invitrogen) e homogeneizar com a micropipeta
varias vezes;

Armazenar a -80°C até a extragdo do RNA.

Extracao de RNA
(ArrayGrade™ Total RNA Isolation Kit)

ok wDnh =

10.
11.
12.
13.
14.

OBS.:

Retirar amostras do freezer e esperar descongelar;
Acrescentar cloroférmio 150uL/mL de Trizol™ ;
Agitar em vortex vigorosamente por 2 minutos;
Incubar 2-3 minutos em gelo;
Centrifugar durante 15 minutos a 13400 g a 4°C;
Transferir o sobrenadante contendo o RNA (parte cristalina superior) para um
novo microtubo. Nao pegar fase intermediaria;
Acrescentar alcool isopropilico (propanol) 500uL/mL de Trizol™. Homogeneizar
por inversao;
Incubar durante toda a noite ou 24 horas em freezer -20°C;
Centrifugar durante 10 minutos a 13400 g a 4°C;
Lavar o RNA com 1mL de etanol 80%. Ndo homogeneizar!
Retirar etanol e deixar secar o pellet;
Dissolver o pellet em 30-50uL de agua livre de RNase do Kit;
Adicionar 350uL de Lysis & Binding Buffer do kit;
Ajuste de condi¢gao de RNA Binding:
a. Adicionar 350uL de etanol 70% a amostra (no Lysis Buffer);
b. Homogeneizar bem em vortex;

Um precipitado fibroso pode ser visivel. Este material ndo afeta a extracdo de

RNA. Entretanto, tenha certeza de colocar todo o precipitado na Spin Column no

proximo passo.

15.

Ligacao do RNA a Spin Column:
a. Remover uma light blue Column Spin ja colocada no proprio tubo de
coleta da embalagem;
b. Adicionar a amostra (em lysis buffer e etanol) a Spin Column;

c. Centrifugar por 30 segundos a 8000g;
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d. Remover a Spin Column do tubo de coleta. Descartar o material que
passou pela coluna. Recoloque a coluna no tubo coletor;
OBS.: A capacidade maxima da coluna é de 750uL. Repetir o procedimento se o
volume de trabalho for maior.
16. Dessalinizacao da Spin Column:
a. Adicionar 350uL de Desalt buffer do kit a Spin Column;
b. Centrifugar por 1 minuto a 11000g;
c. Remover a Spin Column do tubo de coleta. Descartar o;material que
passou pela coluna. Recolocar a coluna no tubo coletor;
OBS.: Se a parte inferior da coluna entrar em contato com o fluido que passou pela

coluna, descarte o mesmo e centrifugue novamente por 30 segundos a 11000g.

17. Lavagem da Spin Column
Primeira lavagem:
a. Adicionar 200uL de Pre-wash buffer do kit a Spin Column;
b. Centrifugar por 30 segundos a 8000g;
c. Remover a Spin Column do tubo coletor. Descartar o fluido que passou

pela coluna. Recolocar a coluna no tubo coletor.

Segunda lavagem:
OBS.: Antes de comecar, assegure-se de adicionar 10mL de etanol ao frasco de
washing buffer do Kit.
a. Adicionar 350uL de washing buffer diluido em etanol a Spin Column;
b. Centrifugar por 30 segundos a 8000g;
c. Remover a Spin Column do tubo coletor. Descartar o fluido que passou

pela coluna. Recolocar a coluna no tubo coletor.

Terceira lavagem:
a. Adicione 200uL washing buffer diluido em etanol a Spin Column;
b. Centrifugar por 3 minutos a 11000g para secar a coluna completamente.
OBS.: Se a parte inferior da coluna entrar em contato com o fluido que passou pela

coluna, descarte o mesmo e centrifugue novamente por 30 segundos a 11000g.

18. Transfira a Spin Column do tubo coletor para um microtubo de 1,5mL RNase-

free.
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19. Eluicdo do RNA total
a. Adicionar 50uL de agua RNase-free a Spin Column;
b. Deixar a coluna em repouso por 1 minuto a temperatura ambiente;
Centrifugar por 1min a 11000g;

c.

d. O eluido contém o RNA total da amostra. Descartar a Spin Column;

e. Fazer 3 aliquotas de 15ulL e 1 de 5uL em microtubos de 1,5mL RNase-free;
f.

Armazenar a -80°C.
20. Quantificagdo do RNA total

1. Se utilizar o aparelho Nanodrop (Thermo Scientific, EUA), adicionar 49ulL TE
pH 8,0 a cubeta, assegure-se de nao haver bolhas, e calibre o aparelho para o
branco;

2. Adicione 1uL da amostras de RNA e misture gentilmente com uma ponteira;

3. Leia e salve a absorbancia em 230, 260 e 280 nm;

4. Dispense o conteudo da cubete € lave-a;

5

Calculo da concentragao de RNA:
A260 x 40 x 50 (fator de diluigdo) = concentragao da amostra ug/mL

6. Determine a pureza da amostra pelos calculos 260/280 e 260/230. Amostras

limpas terdo taxas iguais ou melhores que:

i. 260/280 = 2.0 (valores menores indicam possivel contaminagao com
proteina)
ii. 260/230 = 1.7 (valores menores indicam possivel contaminagao com sal

ou guanidina
7. Escolha algumas amostras e faca a eletroforese em gel de agarose 2% para

confirmar a integridade do RNA com a presenca das duas bandas

correspondentes a 28S e 188S.
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Sintese de cDNA
(First Strand cDNA Syntesis- Superarray)

1. Preparagao da mistura de eliminagdo de DNA genémico:

a. Para cada amostra de RNA, misturar em um tubo estéril o RNA total,
2uL da solugéo de eliminagao de DNA gendmico do kit e completar o
volume para 10uL;
b. Misturar cuidadosamente com uma micropipeta e centrifugue
brevemente;
c. Incubar por 5 minutos a 42°C;
d. Colocar em gelo imediatamente por no minimo 1 minuto.
2. Preparagao RT cocktail:
RT Cocktail 1 reaction | 2 reactions | 4 reactions
BC3 (5X RT Buffer 3) 4 ul 8 ul 16 ul
P2 (Primer & External Control Mix) 1ul 2 ul 4 ul
RE3 (RT Enzyme Mix 3) 2ul 4 ul 8 ul
H,O 3ul 6 ul 12 ul
Final Volume 10 ul 20 ul 40 ul

1. Reacgéo de sintese de cDNA:

a.

Adicionar 10uL do RT cocktail a cada 10uL da mistura de eliminagao de
DNA genbmico;

Misturar bem e cuidadosamente com uma micropipeta;

Incubar a 42°C por exatamente 15 minutos e entdo imediatamente para
a reagao aquecendo a 95°C por 5 minutos;

Adicionar 91uL de H,O a cada 20ulL de reacédo de sintese de cDNA.
Misturar bem;

Deixar em gelo até o préoximo passo ou guardar a -20°C.
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PCR em tempo real
(RT? Profiler™ PCR Array)

1. Preparagao do Experimental Cocktail:

a. Misturar os seguintes componentes em um tubo de 5mL.:

2X SABiosciences RT? qPCR Master Mix | 1350 ul 550 ul 2000 ul
Diluted First Strand cDNA Synthesis

Reaoction 102 ul 102 ul 102 ul
H,0 1248 ul 448 yl 1898 ul
Total Volume 2700 wl 1100 ul 4000 wl

Remover cuidadosamente o selante da placa;

Adicionar 25uL do coquetel em cada pogo. Mudar de ponteira a cada
pipetagem;

Cuidadosamente, mas firmemente, selar o PCR Array com uma tampa
ou filme optico;

Centrifugar a placa por 1 minuto a temperatura ambiente a 1000g para
remover as bolhas. Verificar se as bolhas desapareceram,;

Colocar a placa no gelo enquanto programa o aparelho.

2. Deteccado do PCR em tempo real.

Ligar o termociclador real-time (BioRad iCycler”) ao menos 30 minutos
antes do inicio do uso para o aquecimento da lampada;

Colocar a placa com SYBR Green diluido no aparelho para setup do
aparelho;

Colocar a placa de amostra no termociclador;

Programar da seguinte forma:

Ciclos Duragao Temperatura

1 10 min'  95°C
15s 95°C
40
1min?  60°C
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' 0 passo inicial é necessario para a ativacdo da DNA polimerase HotStart.
2 detecta e grava a fluorescéncia do SYBR Green em cada pogo durante o anelamento

de cada ciclo (ajustar no programa a detecgao de fluorescéncia para o anelamento).

e. A andlise dos resultados é feita no software iCycler iQ (Bio-rad
Laboratories, EUA);

f. A definicdo do Baseline é feita automaticamente pelo software;

g. O Threshold deve ser ajustado manualmente. Assegure-se de usar o

mesmo threshold para todas as corridas de uma mesmo analise.
3. Controle de qualidade
a. Curva de dissociacao
Correr uma curva de dissociagcao imediatamente apdés o programa de PCR
acima, e gerar uma primeira curva de dissociagdo para cada pog¢o da placa toda
usando o software. Nao pode aparecer mais de um pico em cada reagdo em
temperaturas maiores que 80°C.

Programa para curva de dissociacao:

Optics off: 95°C 1min; 55°C 2min
Optics on: 55°C a 95°C, de 0,5°C/s.

OBS1: se desejar, guardar a placa a -20°C para fazer a curva de dissociagao
posteriormente simplesmente aqueca a placa a temperatura ambiente e fagca o

processo descrito acima.

OBS2: assegure-se de inspecionar visualmente a placa depois da corrida. Se notar

sinais de evaporagao, anotar em quais pogos para analise apropriada.
b. Gel de Agarose

Se necessario, pode-se correr um gel de agarose das amostras, onde apenas uma

banda deve ser visualizada em cada pogo.
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4. Calculo do Fold Change

Calcule o ACt para cada gene em cada placa:

ACt = Ct (gene de interesse) _ Ct (housekeeping)

OBS. Para escolher o melhor normalizador: o nivel de expressdo do gene
housekeeping escolhido como normalizador no método AACt nao pode ser
influenciado pelas condi¢gdes experimentais. Se mais de um housekeeping for
adequado para o estudo, use a média dos valores de Ct na equacao acima.

Calcule o AACt para cade gene comparando dois grupos:
AACt = ACt 90 2) _ ACt (uPe D)

onde o grupo 1 € o controle e o grupo 2 é o experimental

Calcule o fold change para cada gene entre os grupo como 2(-aaCt)

Método de analise AACt

Devido a relagao de proporgéo inversa entre o threshold cycle (Ct) e o nivel de
expressao original, e do aumento exponencial da quantidade de produto em cada
ciclo, o nivel de expresséao original de cada gene de interesse é expresso como:

L=2"

Para normalizar o nivel de expressao de um gene de interesse em relagdo a um
housekeeping, os niveis de expressao dos dois genes sao divididos:

2" Ct (gene de interesse)

= 2 [Ct (gene de interesse) — Ct (housekeeping)] 2 -ACt

2" Ct (housekeeping)

Para determinar o incremento na expressao génica (fold change), a expressao
normalizada do gene de interesse nas amostras experimentais é dividido pela
expressao normalizada do mesmo gene de interesse na amostra controle:

2~ ACt (grupo 2)
—AA Ct
= 2 AA
2~ ACt (grupo 1)

onde AACt é igual a ACt (grupo 2) - ACt (grupo 1)

64



A expressao completa é a seguinte:

2- ACt (gene interesse) grupo 2

2- ACt (housekeeping) grupo 2

2- ACt (gene interesse) grupo 1

2- ACt (housekeeping) grupo 1

2- [Ct (gene de interesse) - Ct (housekeeping)] grupo 2

9= [Ct (gene de interesse) - Ct (housekeeping)) grupo 1

2 -Cgrupo 2

2 -4Cgrupo 1
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Expressao de CD14 e TLR4 na superficie de monécitos

1. Colher 5 a 6 tubos de heparina de sangue;
Realizar a separacdo das CMSP como descrito no protocolo especifico;
Ressuspender as células em RMPI + 10% FCS e acertar a concentragao para
2x10° células/mL;

4. Colocar 1mL da suspensao em cada tubo de polipropileno (ndo aderente);

5. Acrescentar estimulos conforme a tabela:

TO T 48
TUBO 1 - colher
TUBO 2 0,1 ng LPS | colher
TUBO 3 1,0 ng LPS | colher
TUBO 4 10 ng LPS colher

6. Incubar a 37°C e 5% de COy;

7. Dado cada tempo de incubagao, transferir o volume para um tubo de citometria
(poliestireno);

8. Acrescentar 2 mL de PBS gelado no tubo de polipropileno para soltar as
células e transferir para o tubo de citometria;

9. Centrifugar a 500g por 10 minutos a 4°C;

10. Desprezar o sobrenadante e ressuspender o botao celular;

11. Marcar as células conforme tabela abaixo:
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ENSAIO

FITC PE PerCP APC

Tubos1a4 |- TLR4 (20uL) | CD14 (5ul) -

12. Fazer tubos da compensacgao conforme tabela abaixo:

COMPENSAGAO
FITC PE PerCP APC
Tubo A - - - -
Tubo B - TLR4 ou bead - -
Tubo C - - CD14 -

13. Homogeneizar e incubar por 15 minutos a temperatura ambiente no escuro
14. Lavar com 2 mL de PBS;

15. Centrifugar, desprezar o sobrenadante e ressuspender o botao celular;

16. Acrescentar 300uL de tampao de fixagao paraformaldeido 1%

17. Realizar leitura no citbmetro de fluxo.

A leitura das amostras é realizada em citdbmetro de fluxo FACSCalibur (BDIS)
equipado com dois laseres, um de argbnio e outro de diodo, com emissao de
comprimentos de ondas de 488 nm e 633 nm, respectivamente. O laser de argbnio
possibilita a excitagao de trés fluorocromos, FITC, PE e PerCP. O laser de diodo excita
o fluorocromo APC. As dispersdes frontal e lateral de luz detectam, sem auxilio de
fluorescéncia, tamanho e complexidade celular, respectivamente, e sdo observadas
em escala linear. Desta forma é possivel detectar até 6 parametros para cada evento
adquirido sendo que cada evento foi considerado como uma célula. A detecgao de
cada paradmetro e compensagao entre os canais de fluorescéncias foi acertada para
aperfeicoar a aquisicao de eventos. O citdmetro é acoplado a unidade constituida por
microcomputador Macintosh (Apple Computer Inc., EUA), que permite controle sobre o

citbmetro e armazenamento dos dados em arquivos.

Aquisi¢cao e analise de dados em citbmetro de fluxo

A aquisicdo dos eventos é realizada com o auxilio do programa CellQuest

(BDIS). Um grafico de dispersdo frontal versus lateral de luz é utilizado para
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identificagdo das células com morfologia de mondécitos. Desta forma sera possivel
estabelecer a regiao de mondécitos (R1). Em outro grafico combina-se dispersao lateral
de luz versus expressado de CD14, possibilitando a identificacdo das células positivas
para este receptor, estabelecendo-se a janela R2. Através da combinacao das janelas
R1 e R2 dever-se adquirir 5000 eventos, ou seja, células. Entretanto, todos os eventos
devem ser salvos (Figura complementar 4).

Utilizando o programa FlowJo, a analise dos dados segue o mesmo padrao.
Por meio de um grafico de dispersao frontal versus lateral de luz define-se uma regiao
de morfologia de mondcitos (R1). Em outro grafico, o qual mostra dispersao lateral de
luz versus expressao de CD14, é delimitada uma regido R2 nas células CD14+ (Figura
complementar 4). A partir destas regides, a analise da expressao dos receptores na
superficie celular é feita por meio da média geométrica da intensidade de
fluorescéncia (MGIF) de cada receptor ilustrado em histogramas (Figura complementar

5).
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Figura complementar 4. Aquisigao e analise de CMSP em citdmetro de fluxo.
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Figura Complementar 5. Histogramas representativos da expressdao de CD14 e TLR4 em

monocitos.
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5.3. Solugoes

Cloreto de Aménio pH 7,4

8,29 g de NH,CI

1,00 g de KHCO3

0,0379g de Na,EDTA

Diluir em 1000mL de agua destilada

Filtrar com seringa e filtro 0,22. Identificar com a data, validade de um més, nome da

pessoa que preparou e guardar em geladeira.

Meio de cultura RPMI 1640 pH=7,0

Meio RPMI 1640 autoclavavel (Sigma)

10 IU/mL penicilina G (Gibco, EUA)

10 pg/mL estreptomicina sulfatada (Gibco)
200 mM L-glutamina (Sigma)

10% de soro fetal bovino (Gibco)

Tampao carbonato de sédio 0,1 M pH 9,5
Na,CO3 3,56¢g (LabSynth)

NaHCO; 8,409 (LabSynth)

Agua destilada g.s.p. 1000 mL

Validade sete dias em geladeira (2 a 8°C)

PBS 0,15M pH=7,2

NaCl 8,0 g (LabSynth, BR)
KH,PO, 0,2 g (LabSynth)
Na,HPO, 1,15 g (LabSynth)
KCI 0,2 g (LabSynth)

Agua destilada g.s.p. 1000 mL

LPS de Salmonella abortus equi

Obtido pelo método do fenol-agua e purificado com fenol, cloroférmio e éter de

petroleo, gentilmente cedido pelo Prof. Galanos, Instituto Max-Planck de Imunobiologia

(Galanos et al., 1979).
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7. ABSTRACT

Pre-exposure to low doses of LPS induces resistance to a lethal challenge, a
phenomenon known as endotoxin tolerance. In this study, tolerance was induced in
human PBMC by culturing cells with 1 ng/mL LPS for 48 h. Cells were subsequently
challenged with 100 ng/mL LPS for 2, 6 and 24 h, and the expression of 84 genes
encoding proteins involved in the TLR signaling pathway was evaluated at each time
point by PCR array. LPS pretreatment did not modulate the expression of TLR4 and
CD14 on the surface of monocytes. A gene was defined as tolerized when LPS
pretreatment reversed the effect of LPS challenge on the expression of the gene or as
non-tolerized when LPS pretreatment did not reverse the effects of LPS challenge. We
observed impaired signal transduction through the NF-kB, JNK, ERK and TRIF
pathways, whereas expression of p38 pathway-related genes was preserved in LPS-
tolerant cells. These results show a distinct regulation of the TLR pathway cascades
during tolerance; this may account for the differential gene expression of some
inflammatory mediators, such as up-regulation of IL-10 and COX2 as well as down-
regulation of TNF-a and IL-12. Depending on the effect of LPS-induced gene up-
regulation or down-regulation, tolerance, as a reversion of such LPS effects, may result

in repression or induction of gene expression.
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