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RESUMO
Miecanismos inatos de reguiag¢do da iL-i2 durante a infec¢do por Adycobacterium tubercuiosis.

André Bafica

A citocina IL-12 desempenha um papel importante na indugio de uma rede de genes da resposta imune
envolvidos na resisténcia a infecgdes por patogenos intracelulares. IL-12, citocina produzida
principalmente por células dendriticas (DCs) e fagdcitos, é uma das citocinas responsaveis pela ativagdo
de uma resposta do tipo Thl, levando a produgio de IFN-y e subsequente ativagio de macréfagos, que se
tornard um ambiente desfavoravel para o sobrevivéncia de agentes invasores. Um exemplo desses
microorganismos € o Mycobacterium tuberculosis, um importante patégeno humano causador da
tuberculose. O M. tuberculosis induz a produgdio de IL-12 em células apresentadoras de antigeno
profissionais, entretanto, os mecanismos envolvidos na regulagdo dessa citocina durante o curso da
infec¢do pelo bacilo ndo sdo complementamente entendidos. O objetivo geral desse projeto de tese é
investigar os mecanismos imunes inatos que controlam a produgdo de IL-12 em resposta ao M
tuberculosis. A hipotese testada foi que os receptores do tipo Toll (TLR) e as lipoxinas sdo mediadores
centrais da regulagdo de IL-12 influenciando a resisténcia/susceptibilidade ao bacilo. Um modelo
experimental de infecgdo pulmonar e um modelo de infecgdo in vitro foram usados para esse proposito.
amundongos deficientes em MyD88 se mostraram altamente susceptiveis a infecgdo via aerosol com M.
tuberculosis, implicando assim, a sinalizago via TLR/IL-IR como um determinante da resposta do
hospedeiro contra esse importante patégeno humano. Associado ao aumento de susceptibilidade, pulmdes
dos animais deficientes em MyD88 infectados com o bacilo apresentaram um significativa redugio na
inducdo de IL-12 e células T CD4+ secretoras de IFN-y. Observou-se também, que DCs de camundongos
deficientes em MyD88 apresentaram uma falha na produgdo de IL-12 em resposta ao M. tuberculosis in
vitro. Apesar de trabalhos recentes indicarem que M. tuberculosis contém diversos ligantes como PIMs e
DNA, os quais, podem ativar diferentes TLR, animais deficientes em TLR (TLR2, TLR4 ou TLR9) e
infectados com micobacteria, exibem apenas leves defeitos imunolégicos e na resisténcia quando
comparados com camundongos deficientes em MyD88. Assim, a hipotese de que a colaboragio entre mais
que um TLR pode ser necessdrio para gerar um efeito na resisténcia do hospedeiro foi testada. Observou-
se que camundongos duplos KO para TLR2 e TLR9 (TLR2/9 DKO) infectados com M. tuberculosis
exibiram um aumento significativo na susceptibilidade a infecgdo comparada com animais TLR2 KO,
TLR9 KO ou controles selvagens. Além disso, foi observada uma falha na produgio de IL-12 pelas DCs
dos camundongos DKO expostos a M. tuberculosis in vitro. Esses dados sugerem que diversos TLR
colaboram na indugdo da producdo de IL-12 e na imunidade contra M. tuberculosis Mediadores anti-
inflamatérios podem desempenhar um importante papel no controle de uma excessiva produgio de
citocinas pro-inflamatorias as quais levariam a dano tecidual, um fator contribuidor para a sobrevivéncia
da micobactéria. Infecgdo por M. tuberculosis induz a producdo de lipoxina A4, um eicosanoide anti-
infiamatério, dependente de 5-lipoxigenase (LO). Em uma analise paralela por imunofluorescéncia, a
expressdo de 5-LO foi detectada em macréfagos e células endoteliais pulmonares seguindo a infecgfio com
o bacilo. Trés e seis semanas apds a infec¢do, os camundongos com delegdo no gene 5-LO, apresentaram
um namero de bactérias marcantemente reduzido (10 vezes) nos pulmdes comparando com os animais
controles. Esse aumento na resisténcia estava associado a um aumento da produgdo de IL-12 e IFN-y além
de uma diminui¢do na inflamagdo pulmonar. Esses dados sugerem que as lipoxinas funcionam como
mediadores quimicos chaves na resisténcia a infec¢do por M. ruberculosis e sugerem que a via da 5-LO
pode ser um alvo em potencial para intervengdo terapéutica em tuberculose. Em sumario, cooperagdo
entre diversos TLR ¢ critica na resisténcia a M. tuberculosis através da indugdo de IL-12, e que leva a uma
resposta imune do tipo Thl efetiva. Por outro lado, lipoxinas sdo importantes mediadores quimicos
induzidos pelo bacilo que podem servir como mecanismo de escape do hospedeiro.



SUMMARY

Innate mechanisms by which Mycobacterium tuberculosis infection regulates IL-12 production.

André Bafica

The cytokine IL-12 plays a critical role in the induction of an amazing program of immune response genes
involved in resistance to intracellular pathogens. IL-12, produced mostly by dendritic cells, is one of the
important cytokines responsible to the cell-mediated Thl immunity, leading to the production of IFN-y
and activation of macrophages, making them into inhospitable habitats for the invader agents’ survival.
Such micro-organism is called Mycobacterium tuberculosis, an important human pathogen. M
tuberculosis induces IL-12 production by professional antigen presenting cells, however the mechanisms
involved in the regulation of this cytokine during M. tuberculosis infection is not fully understood. The
overall aim of this thesis is to investigate the innate mechanisms controlling IL-12 synthesis upon Af
tuberculosis infection. Specific focus was placed on the role of Toll-like receptors and lipoxins as central
mediators of IL-12 regulation and resistance/susceptibility to the pathogen. An experimental mouse model
of aerosol infection and a dendritic cell/macrophage model of in vitro infection were used for this matter.
Mice deficient in MyD88, a signaling adaptor protein, were found to be highly susceptible to M
tuberculosis infection, which implies that triggering via TLR/IL-IR family plays a role in the responses
against this agent. A significant reduction in 1L-12 synthesis as well as % IFN-y+CD4+ T cells was
associated with the enhanced susceptibility. In addition, DC from MyD88-/- animals displayed a marked
decreased in IL-12 responses when in vitro exposed to the bacterium. Although our data indicate that M.
tuberculosis contain several ligands such as PIM, 19 KD-lipoprotein and DNA, which can activate TLR,
mice deficient in TLR and infected with mycobacteria, exhibit only minor immunological defects when
compared to MyD88-deficient animals. Therefore, a hypothesis that cooperation between multiple TLR is
required in generating host resistance was tested. We have observed that M. tuberculosis-infected double
KO (TLR2/9-/-) mice displayed a significant enhanced susceptibility in comparison with wild-type or
single TLR KO animals. Moreover, dendritic cells from DKO mice present a marked reduction in IL-12
secretion when exposed to live mycobacteria in vitro. Anti-inflammatory mediators may play an important
role in controlling excessive production of pro-inflammatory cytokine such as IL-12 and tissue damage,
which could contribute to the bacilli survival. M. tuberculosis infection induces lipoxin (LX)A4 secretion,
an anti-inflammatory eicosanoid, S-lipoxygenase-dependent pathway. Three and six weeks post-infection,
lungs from mice lacking 5-LO displayed ~1 log less bacteria compared to the same tissue from wild-type
animals. This increased in resistance was associated with enhanced expression of 11-12 and IFN-y as well
as decreased lung inflammation. Importantly, these effects were reversible when 5-LO KO mice were
treated with an exogenous lipoxin analog. These data establish lipoxins as key mediators in resistance to
M. tuberculosis and suggest 5-LO pathway as a potential target in tuberculosis. In summary, cooperation
between TLR is a critical step in resistance to M. tuberculosis through induction of IL-12 as well as other
mechanisms, leading to effective Thl responses. Lipoxins are important chemical mediators that may be
utilized by the bacilli as a scape mechanism of host immune responses.
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INTRODUCAO

Os patogenos sdo microorganismos altamente especializados em viver as custas
do hospedeiro mamifero, sendo que ainda hoje, as infecgdes persistem como umas das
principais causas de morte no mundo. Por outro lado, para se proteger desses complexos
agentes, o hospedeiro apresenta células dedicadas a defesa: as células do sistema imune.

- Com o intuito de manter um ambiente livre de doenga, o sistema imune deve primeiro
reconhecer o invasor, em seguida montar uma resposta apropriada, multi-regulada e
integrada, que tera como consequéncia a eliminagdo ou o controle do crescimento do
patogeno. Entretanto, a maioria dos agentes infecciosos langa m#o de uma série de
mecanismos com a finalidade de escapar do sistema de reconhecimento, por vezes até
utilizando mediadores produzidos pelo proprio hospedeiro em prol de sua sobrevivéncia.

O sistema imune inato ¢ um componente evolutivamente conservado do sistema
de defesa do hospedeiro, presente em plantas e animais (HOFFMAN et al., 1999).
Durante a infec¢@o primaria, as repostas pré-determinadas (fixas) sfo as primeiras que
enttam em cena. Essas respostas sdo compostas ndo sé pelas células da imunidade inata
mas também pela ag¢do das barreiras epiteliais que servem de protecdo fisica, mecinica,
quimica e microbioldgica, além da agdo das vias de ativagio de complemento
independentes de anticorpos. Em mamiferos, o componente celular da imunidade inata
consiste de células mieldides e linféides apresentando receptores de especificidades pré-
determinadas (do inglés, germline-encoded receptors): células fagociticas (granulocitos,
monocitos/macrofagos ¢ células dendriticas [DCs]), linfocitos sem especificidades dos

reatranjos genéticos dos receptores: células matadoras naturais (do inglés Natural Killer



cells [NK]) e linfocitos que apresentam uma baixa especificidade de rearranjos genéticos
dos receptores: células T y:8 e células B CD5+ (B-1). Essas células respondem
rapidamente a infec¢do, servindo como a primeira linha de defesa para prevenir o
estabelecimento dos patdgenos no hospedeiro. Muitas vezes, os agentes invasores
conseguem escapar da imunidade inata, porém as respostas ‘“tardias”, entretanto,
especificas e clonais do sistema imune adaptativo sdo requiridas para controlar o
crescimento do patogeno, frequentemente levando a eliminagdo do parasita e ao
desenvolvimento de memoria a uma possivel re-infecgdo. As células do sistema imune
adaptativo s3o linfécitos que apresentam receptores rearranjados somaticos com
especificidades geradas randomicamente e sdo clonalmente distribuidas nas células
individuais. Essas sdo as células T educadas no timo que expressam a.:3 TCRs ¢ os co-
receptores CD4 ou CD8 e as células CD5- (B-2) células B que produzem anticorpos.

Uma gama de sinais s3o importantes para alertar o hospedeiro sobre patégenos
infectantes e para a ativag#io especifica dos linfocitos. O sistema imune inato, que medeia
o reconhecimento dos agentes invasores através dos seus receptores germline-encoded,
prové os dois sinais, desempenhando assim, um papel central na iniciagdo das respostas
imunes. De um lado, isso é mediado pela indugdo de citocinas pro-inflamatdrias e
quimicionas (isto ¢, inflamag¢do) e do outro lado, através da apresentagio de antigenos e
indugdo de moléculas co-estimulatorias (isto é, ativagdo da imunidade adaptativa). As
citocinas sdo fundamentais na inicia¢do das respostas contra os patdgenos intracelulares e
indugdo de uma resposta linfocitaria efetiva. Nesse interim, é importante destacar a IL-
12, que € um dos principais mediadores do arsenal imunolégico produzido durante uma

resposta imune.



O bojo dessa tese destaca as diferentes vias de regulagdo da IL-12, e sua
importdncia na resisténcia a infecgdo intracelular. Os artigos reportados aqui focam na
resposta imune contra um dos principais patégenos humanos: Mycobacterium
tuberculosis, o agente causador da tuberculose que mata cerca de 2 milhdes de pessoas
por ano no mundo (THE WORLD HEALTH REPORT, 2004). O entendimento da
regulacdo da resisténcia ao M. tuberculosis é uma passo importante para 0
desenvovimento de estratégias vacinais assim como terapéuticas contra a tuberculose.
Além disso, comprender os diferentes aspectos da biologia do bacilo pode ser usado na

erradica¢do do M. tuberculosis e outras micobactérias.



RECONHECIMENTO MOLECULAR PELO SISTEMA IMUNE

O reconhecimento imune inato é especializado em mediar as interaces entre
produtos dos diferentes microrganismos e¢ do hospedeiro. Uma pressdo evolutiva tem
levado a um efetivo reconhecimento de estruturas que sdo essenciais para a sobrevivéncia
do microbio, assim, uma tentativa de variar essas estruturas para escapar do
reconhecimento imune pode ser letal ou muito desvantajoso para a sobrevivéncia ou
crescimento do agente invasor. Essas estruturas sdo chamadas de padrdes moleculares
associados aos microbios (do inglés, microbial-associated molecular patterns [MAMPs])
e sdo compartilhados por diversos grupos de microrganimos. Os MAMPs sdo
reconhecidos por um numero relativamente limitado de receptores germline-encoded
presentes na celulas da imunidade inata como DCs e macréfagos (mas também em
células epiteliais e endoteliais) chamados receptores de reconhecimento dos padrdes
moleculares (do inglés, pattern-recognition receptors [PRRs]. Existem varias familias de
PRR que podem estar expressos na superficie celular ou em compartimentos
.intracelulares. As diferentes familias incluem lectinas do tipo C, proteinas que contém
dominios ricos em Leucina (Leucine-rich repeat [LRR]), receptores do tipo scavenger,
pentraxinas, transferases lipidicas e integrinas (MEDZHITOV AND JANEWAY, 1997).
Reconhecimento de PAMP frequentemente leva a indugdo direta de funcdes efetoras
como opsonizagdo, ativagdo da via complemento, fagocitose e apoptose (MEDZHITOV
AND JANEWAY, 1997a; MEDZHITOV AND JANEWAY, 1997b), além da ativagio

das vias sinalizadoras pro-inflamatorias, discutidas abaixo.



Receptores do tipo Toll e seus ligantes

Receptores do tipo Toll (do inglés, Toll-like receptors [TLR]) constituem uma
familia relacionada de PRR transmembranadrios presentes em mamiferos que respondem a
uma vasta diversidade de produtos microbianos (MEDZHITOV AND JANEWAY, 2002;
AKIRA et al,, 2001; TAKEDA et al.,, 2003). Os TLR sido estruturalmente caracterizados
por um dominio extracelular LRR ¢ um dominio citoplasmatico chamado Toll/IL1R
(TIR) (TAKEDA et al.,, 2003; O’NEILL, 2002). Os dominios TIR estio também
envolvidos na sinalizagdo dos receptores para IL-1 e IL-18, que compartilham muitas
similaridades com os TLR (O’NEILL, 2002). Os dominios TIR também participam na
defesa de plantas, sugerindo que eles podem ter sido um dos primeiros dominios
envolvidos na defesa do hospedeiro (O’NEILL, 2000). N3o esté claro se todos os TLR se
ligam com os seus MAMPs particulares, entretanto, uma caracteristica especial desses
PRRs ¢ sua funcdo como receptores sinalizadores. Os TLR medeiam os eventos da
transdugdo de sinal que levam a produgdo de respostas inflamatorias, como a produgdo de
citocinas pro-inflamatérias, - quimiocinas e expressdo de moléculas co-estimulatérias.
Assim, os TLR sdo considerados os principais PRR envolvidos na ativagio da imunidade
inata e iniciagdo da resposta imune adaptativa.

No presente momento, a familia dos TLR contém 13 receptores identificados em
mamiferos ¢ diversos produtos ja foram descritos como sendo ligantes de TLR
especificos (BARTON AND MEDZHITOV, 2002) (Figura 1). O TLR2 reconhece uma
classe variada de MAMPs, que incluem peptideoglicanos de bactéria (ALIPRANTS et

al,, 1999; BRIGHBILL et al., 1999), parede celular de fungo (UNDERHILL et al., 1999),



ancoras de glicosilfosfatidilinosotol de Trypanosoma cruzi (CAMPOS et al., 2001),
lipoarabinomanose de micobactéria (MEANS et al., 1999; UNDERHILL etal., 1999) ¢ a
lipoproteina 19-KD de M. tuberculosis (KIRSCHING AND SCHUMANN, 2002). Essa
capacidade do TLR2 em reconhecer diferentes classes de ligantes se baseia no fato de que
esse TLR pode formar dimeros com o TLR1 ou TLR6. A dimerizagdo com TLR1 ou
TLR6 permite que TLR2 discrimine entre lipoproteinas di- ou tri-acetiladas (AKIRA et

al., 2001; KIRSCHING AND SCHUMANN, 2002).
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O TLR3 esta situado em compartimentos intracelulares e reconhece RNA de fita
dupla (dsRNA) e dsRNA sintéticos como o acido poli-inosinico-poli-citidilico [poly(I:C)]
(ALEXOPOULOU et al.,, 2001). O TLR4 reconhece lipopolisacarideo (LPS) de bactérias
Gram-negativas como a Escherichia coli (ULEVITCH AND TOBIAS, 1999); O TLRS
reconhece uma proteina: a flagelina (HAYASHI et al., 2001). Flagelina ¢ um
componente do flagelo que pode ser encontrado em bactérias Gram-positivas e negativas.
TLR7 e TLRS reconhecem acidos nucléicos (HEMMI et al., 2002; DIEBOLD et al.,
2004). O TLR9 foi descrito como o receptor de dominios CpG nio-metilados (HEMMI
et al., 2000), que sdo infrequentes em DNA de vetebrados porém muito comuns em DNA
bacteriano. Recentemente, foi demonstrado que o DNA purificado de M. tuberculosis ou
BCG (manuscrito II) ou de 7. cruzi (BAFICA et al., dados nfo publicados) ativam TLR9
e induzem uma resposta inflamatéria em células apresentadoras de antigeno. Até o
presente momento, ligantes para TLR10 nio foram descritos. TLR11, um receptor
presente em camundongos mas ndo no homem, reconhece uma proteina semelhante a

profilina presente em Toxoplasma gondii (YAROVINSKY et al., 2005).

Sinaliza¢do via TLR

A ativagdo dos TLR por produtos dos agentes invasores leva a indugdo de uma
~ serie de genes que agem nas respostas inflamatérias e imunes. A indugdo génica ativada
pelos TLR ¢ mediada por varios fatores de transcri¢do incluindo o NF-xB e a familia das
MAPKinases. Os fatores de transcri¢io NF-xB incluem as proteinas p30, p52, p65/RelA,

RelB e c-Rel e sdo reguladores chaves das respostas imunes (CAAMANO et al., 2002).



Esses fatores de transcri¢do apresentam um dominio de homologia Rel, o qual contem
uma sequéncia de localizagdo nuclear e esta envolvido na ligagdo com DNA, dimerizagéo
com outras proteinas Rel e interacdes com a familia de inibidores de NF-xB (IxB). Em
células ndo estimuladas, esses fatores sdo encontrados como homo ou hetero-dimeros
(primariamente a combinagdo p50/p65). A familia IxkB inclue IxB-a (o principal ator)
bem como Ix-B-f3, IkB-g ¢ Bcl-3. Essas moléculas estdo associadas com dimeros NF-kB
e sdo conservados no citoplasma. Apds estimulacdo, IkB se torna fosforilado (Serina 32 e
36 para o IxkB-a) que entdo serd ubiquitinado e degradado (KARIN AND BEN-NERIAH,
2000). Isso faz com os dimeros NF-kB, agora livres, sejam translocados do citosol para o
nucleo, onde se ligardo a sitios kB nos genes alvos que medeiam transcri¢do. Varias
proteinas tem sido implicadas na fosforilagdo de IkB, ou seja, ativar NF-kB, porém a
classica unidade fosforiladora IkB ¢ composta do complexo IxkB cinase (IKK),
constituido de IKK-a, IKK-f3 e uma terceira subunidade regulatoria, chamado IKK-y ou
NEMO.

Ap6s reconhecimento de MAMPs, o dominio TIR de todos 03 TLR interagem
com o' dominio TIR presente no fator mieldide de diferenciaqéo‘SS (do inglés, myeloid
differentiation factor [MyD]88). Essa molécula adaptadora citossdlica inicia uma cascata
de sinalizagdo que, subsequentemente, leva a translocagio nuclear do NF-xB. Esses
mesmos passos de sinalizagio fazem parte também da ativagfio do receptores de IL-1 ou
IL-18. Via scu dominio de morte (do inglés, death doma.in [DD]), MyD88 recruta a
cinase associada ao IL-1R (do inglés, /L-1R-associated kinase [IRAK])-1 e IRAK-2 (ou
em células mieldides, IRAK-M) para a cauda citoplasmdtica do receptor. A importancia

de MyD88 no recrutamento de JRAK-1 ¢ confirmado em camundongos MyD88-/-, que



apresentam deficiéncia na ativagdo de NF-xB apds estimulagdo com IL-1, IL-18 ou LPS
(ADACHI et al., 1998). Células de animais IRAK1-/- apresentam respostas diminuidas
quando estimulados com IL-1, IL-18 e LPS (THOMAS et al., 1999; SWANTEK et al.,
2000). No entanto, essa falha ndo ¢ completa em resposta a estimulacdo dos TLR e um
membro recentemente descrito da familia IRAK, o IRAK4, foi demonstrado como um
componente necessario na resposta mediada por IL-1, TLR2, TLR3, TLR4 ¢ TLRY
(SUZUKI et al., 2002) e para a ativagdo de IRAK-1 (LI et al., 2002), tornando-o o
membro IRAK mais proximal ao dominio TIR.

Apbs o recrutamento de IRAK, o fator associado ao receptor do TNF (do inglés,
tumor necrosis factor receptor-associated factor [TRAF]6) ¢é fosforilado e
consequemente leva a ativagdo de IKK-3, degradacdo de IxB, translocagdo de NF-kB e
inducdo de genes alvos envolvidos na defesa do hospedeiro. Esses incluem a expressdo
de citocinas pro-inflamatorias como IL-12, IL-1, IL-6 ¢ TNF, quimiocinas, JFN-[3, oxido
nitrico sintetase induzivel (do inglés, nitric oxide sinthase IT [NOSII]) além de moléculas
co-estimulatoérias (GHOSH et al., 1998).

A sinalizagdo downstream de TRAF6 também leva a ativacdo da cascata dos
membros da familia proteina cinase ativada por mitégenos (do inglés, mitogen-activated
protein kinase [MAPK]) (WANG et al., 2001). Essa é uma sequéncia complexa de
eventos, envolvendo multiplos passos no citossol das células levando a ativag@o das
MAPK que podem se translocar para o nucleo e regular expressdo génica. As duas
MAPK mais importantes sdo a p38 ¢ a cinase N-terminal c-Jun (do inglés, c-Jun N-
terminal Kinase [INK]). Essas moléculas estdo envolvidas primariamente na proliferagio

e diferenciagiio celulares, porém apresentam importantes fun¢des na inflamacao.



Além das vias dependentes de MyD88, os mecanismos de sinalizagdo
independentes de MyD88 também sdo de grande importidncia nas respostas do
hospedeiro. Foi demonstrado que camundongos deficientes em MyD88, apresentam
algumas respostas intactas (ex. indugdo de IFN tipo I) quando ativados via TLR3 ou
TLR4 sugerindo a presenca de moléculas adaptadoras que medeiam esses sinais
(KAWALI et al., 1999). Atualmente, sdo reconhecidos 4 outros adaptadores: T/R-
containing adaptor protein (TIRAP/Mal), TIR-domain-containing adaptor (TRIF), TRIF-
related adaptor molecule (TRAM) e Sterile a and Armadillo motif (SARM) (O’NEILL et
al., 2003). Dentre eles, TRIF foi a molécula adaptadora mais bem estudada até o presente
momento. Os camundongos deflcientes nessa proteina apresentam defeitos na expressio
de moléculas co-estimulatorias e genes induzidos via o fator regulador de interferon
(interferon regulator factor [IRF]-3) quando estimulados com ligantes que ativam TLR3
ou TLR4 (YAMAMOTO et al., 2002; OSHIUMI et al., YAMAMOTO et al., 2003;
HOEBE et al., 2003). Ainda n2o esté claro porque células de camudongos deficientes em
TRIF apresentam uma expressdo reduzida de citocinas proinflamatorias quando
estimulados com LPS, ji que este é considerado um efeito dependente de MyD88. Um
outro adaptador chamado de TRIF-related adaptor molecule (TRAM) foi recentemente
descrito e sabe-se que o mesmo atua em conjunto com TRIF na ativacio especifica de
IRF-3 € NF-xB (FITZGERALD et al., 2003) sugerindo que TRIF/TRAM funcionam em

conjunto com MyD88 para a a expressao de citocinas pro-inflamatérias.
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TLR na defesa do hospedeiro

Os TLR desempenham um papel crucial na resisténcia inata e iniciacdo da
imunidade adaptativa a patdgenos. Animais deficientes em MyD88 se mostraram
altamente susceptiveis a varios agentes infecciosos, dentre eles, parasitas e bactérias. Por
exemplo, camundongos MyD88-/- infectados com 7. gondii ou T. cruzi apresentaram
uma mortalidade aumentada associada a uma produ¢do defeituosa de IL-12 sugerindo um
importante papel para sinalizagdo dos TLR no controle desses protozoérios. No entanto, o
TLR responsével pela indugdo de IL-12 em ambos modelos in vivo ndo foi descrito. No
caso de 7. gondii, TLR11 foi descrito como receptor de uma molécula encontrada no
extrato solivel do parasita (profilina), porém camundongos TLR!11-/- infectados com T.
gondii nd3o apresentam o mesmo grau de susceptibilidade dos camundongos deficientes
em MyD88 (YAROVINSKY et al., 2005). Por outro lado, no caso do 7. cruzi, uma
colaboragio entre dois TLR (TLR2 e TLRY9) é necessaria para respostas imunes otimas
contra esse parasita (BAFICA et al, dados ndo publicados). Em outros modelos
experimentais com bactérias intrecelulares como na infec¢do com M. tuberculosis, foi
demonstrado que camundongos MyD88-/- sdo susceptiveis a esse agente, apresentando
uma sobrevivéncia reduzida e um maior acimulo de bactérias nos orgdos (manuscrito I).
Em contraste, quando camudongos deficientes em TLR2, TLR4 ou TLR6 foram
infectados com micobactéria, nao se observou o mesmo fenétipq. Esses dados sugerem
que TLR ou outros membros da familia IL-IR ou IL-18R podem estar agindo
conjuntamente para conferir resisténcia a agentes infecciosos, em particular A7,

fuberculosis. Apcsar das evidéncias recentes sugerirem que multiplos TLR sdo requeridos
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para a resisténcia inata contra patdgenos intracelulares, ndo estd claro como os TLR
orquestram seus sinais para gerar uma resposta protetora. Foi determinado na presente
tese quais TLR podem estar envolvidos na resposta imune contra M. tuberculosis in vitro

¢ in vivo (manuscrito I1).

MYCOBATERIUM TUBERCULOSIS

Mpycobacterium tuberculosis é um bacilo facultativo intracelular, de lento
crescimento e é caracterizado por uma complexa parede celular rica em lipidios que
promovem uma prote¢do parcial para as a¢des antibacterianas de macréfagos além de
bloquear a entrada de diversas drogas. O complexo M. tuberculosis é composto de M.
tuberculosis, M. bovis, M. africanum e M. microti.

M. tuberculosis contém varios produtos incluindo lipoarabinomanam,
lipoproteina de 19 Kda, fosfatidil-inositol-fosfato (PIM), que sdo capazes de induzir uma
resposta inflamatoria em células do sistema imune inato do hospedeiro. Esses ligantes
foram descritos come ativadores de TLR2 (ALIPRANTS et al., 1999; BRIGHBILL et al.,
1999 UNDERHILL et al., 1999) ou TLR4 (ABEL et al., 2002). Como denotado acima,
DNA de micobactéria foi recentemente descrito como um ligante de TLR9 (manuscrito
II), sugerindo que a atividade imuno-estimulatoria do DNA pode estar ligada a ativagio

da resposta imune inata e reconhecimento de invasdo do agente.
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Infeccdo por M. tuberculosis

A tuberculose (TB) é uma doenga primariamente pulmonar. Recém-nascidos
podem desenvolver uma doenga grave e progressiva enquanto individuos
imunocompetentes desenvolvem a doencga a partir da reativagdo de um foco bacilar que
persistiu apds a infecg@o primaria. A TB é conhecida como uma doenca da antiguidade
(DANIEL et al., 1994) e esta entre as doen¢as infecciosas que mais matam no mundo,
representando 25% de todas as causas preveniveis de morte (SNIDER et al., 1994) e foi
declarada como uma emergéncia global pela Organizagdo Mundial de Saude (THE
WORLD HEALTH REPORT, 2004). Estima-se que um terco da populagdo mundial esta
infectada pelo M. tuberculosis (THE WORLD HEALTH REPORT, 2004), porém apenas
10% desses individuos desenvolverdo uma doenga ativa durante a vida (COMSTOCK,
1992). A TB foi previamente associada & ma-nutricio e pobreza nos paises em
desenvolvimento, entretanto, casos da doen¢a aumentaram em paises desenvolvidos
devido principalmente a co-infec¢do com o virus da imunodeficiéncia humana (HIV) e o

aumento de cepas de M. tuberculosis multi-droga-resistentes (SNIDER et al., 1994).
Resposta imune contra micobactéria

A principal resposta imune protetora contra bactérias intracelulares como o M.
fuberculosis ¢ a imunidade mediada por células (SCHAIBLE et al., 1999). A producio da

interleucina (IL)-12 por células apresentadoras de antigeno (APC) como as DCs, ¢

essencial para a geragdo de respostas T do tipo Thi (COOPER et al. 1995; COOPER et
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al. 1997). A importancia fundamental da IL-12 na imunidade contra micobactérias ¢é
indicada através de modelos experimentais, os quais mostraram que camundongos
deficientes nessa citocina sdo altamente susceptiveis a infecg¢do com o bacilo e estudos
clinicos, os quais demonstraram que pacientes apresentando uma mutagio no receptor de
IL-12 s3o propensos a desenvolver micobacterioses atipicas. A 1L-12 induz a producdo
de interferon (IFN)-y pelas células T ativadas que estimula os macréfacos a produzir
espécies reativas de oxigénio e enzimas que matam a bactéria fagocitada (FENTON et
al., 1997; FLESCH AND KAUFMANN, 1987; ROOK et al., 1986). Segue abaixo, um
breve resumo dos principais tipos celulares envolvidos na resposta imune contra o M.

tuberculosis.

Células Dendriticas. A capacidade impar das DCs de fagocitar agentes invasores no sitio
de infecg@o e ativar células T naive nos orgdos linféides locais sugere que esse tipo
celular ¢ um pivor na geragdo da imunidade protetora contra os patogenos (REIS E
SOUSA et al., 1996). A fagocitose de micobactéria induz a maturagdo e a migragio de
-DCs. Isso ¢ caracterizado pelo aumento dos niveis de-expressdo das moléculas co-
estimuldtorias B7-1 e B7-2, CD40 e moléculas do complexo de principal de
histocompatibilidade (MHC) classe I ¢ Il (DEMANGEL et al., 1999; HENDERSON et
al., 1997; TASCON et al., 2000). Além disso, a infe¢cdo micobacteriana de DC induz a
uma aumento na producdo de IL-12 ¢ outras citocinas (DEMANGEL et al., 1999;
HENDERSON et al, 1997). Além disso, a DC infectada expressa quimiocinas
inflamatoérias como MCP-3 e MIP-la. (DEMANGEL et al., 1999). Essas citocinas ¢

quimiocinas s3o importantes na geragdo de uma imunidads do tipo Thl (principalmente
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IL-12) e desenvolvimento de granulomas (principalmente TNF) durante a infec¢@o por
M. tuberculosis (COOPER AND FLYNN, 1995; ORME AND COOPER, 1999). A
importancia das DCs na resposta imune contra M. tuberculosis tem sido demonstrado in
vivo. Por exemplo, foi observado que camundongos depletados de DCs s@o mais
susceptiveis & infec¢lo por M. tuberculosis e apresentam um retardo na geragdo de
respostas do tipo Thl (TIAN et al, 2005). Esses dados sugerem que DCs desempenham

um papel importante na indugio de respostas imunes anti-micobacterianas.

Macrofagos. Pouco menos que 10% dos bacilos inalados sfo capazes de chegar na
periferia dos pulmdes onde serdo fagocitados por macrofagos alveolares. Entre os
receptores que medeiam a fagocitose estdo o receptor Fc, o complemento e o receptor
para manose (FENTON AND VERMEULEN, 1996). No modelo murino, a morte dos
bacilos induzida por macréfagos ativados como uma consequéncia da ajuda de células T
ja é bem documentada (CHAN et al., 1995; CHAN et al., 1992; O'BRIEN et al., 1996).
Macrofagos ativados produzem radicais livres de oxigénio e nitrogénio que podem
induzir a morte dos organismos (CHAN et al., 1995; CHAN et al., 1992; O'BRIEN et al,,
1996). Entretanto, ndo existem evidéncias conclusivas que mondcitos humanos possam
matar os bacilos in vitro por mecanismos similares (ASTON et al., 1998; BERMUDEZ,
1993; DENIS, 1991; NOZAKI et al., 1997). Além da eliminagdo direta da micobactéria,
macrofagos ativados possuem a capacidade de apresentar antigenos de M. tuberculosis
para células T e produzir citocinas como IL-1, IL-6, TFN e IL-12 (WANG et al., 1997;
BARNES et al., 1993), as quais promovem uma resposta inflamatoria local a infeccio.

Entretanto, alguns produtos de macrofagos ativados podem suprimir a resposta imune
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pulmonar. Por exemplo, apds a fagocitose do bacilo ou exposi¢do a produtos

micobacterianos, essas células produzem aumentadas quantidades de IL-10 (ROACH et
al.,, 1999) e TGF-3 (DAHL et al., 1996; TOOSSI et al., 1995), que foram demonstrados
como fatores inibitdrios da proliferagdo linfocitéria e producdo de IFN-y (HIRSCH et al.,

1996).

Linfocitos T CD4+ e CD8+ As células T CD4+ e CD8+ respondem a peptideos
micobaterianos processados a partir do bacilo internalizado e apresentados no contexto
das moléculas de MHC classe II ou classe I, respectivamente. Apds reconhecimento do
MHCII+Ag cognato, a interagdo entre CD40 e CD40L, e a resposta a IL-12, as células T
CD4+ se tornardo predominantemente do tipo Thl, caracterizado por uma expansdo dos
linfécitos ativados e de memoéria produtores de IFN-y (BARNES et al., 1989). As células
T CD4+ sio fundamentais no controle de M. tuberculosis, pois camundongos depletados
de linfécitos T CD4+, deficientes em CD4 ou em MHCII, sdo altamente susceptiveis e
nao sobrevivem a infec¢@o pelo bacilo (MULLER et al., 1987; PEDRAZZINI et al.,
V1987; CARUSO et al,, 1999; LLADEL et al., 1995). Além disso, uma deficiéncia de T
CD4+ observada em humanos, como descrito na infec¢do pelo HIV, leva pacientes
susceptiveis a TB primario ou reativagdo do foco (BARNES et al., 1991). Estudos
diversos tém demonstrado que os linfocitos CD8+ também desempenham um papel
importante em modelos murinos e em pacientes. com tuberculose. Por exemplo, quando
cepas diferentes de camundongos deficientes em CD8 foram infectados com M.
tuberculosis, observou-se uma necrose massiva nos pulmdes e consequente morte dos

animais, sugerindo que as células CD8+ sio importantes na protecdo confra a
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micobactéria nos pulmdes (FLYNN et al., 1992; BEHAR et al,, 1999; D'SOUZA AND
IVANYI, 1993). Além disso, os estudos realizados em células humanas sugerem que os
linfocitos CD8+ s3o também importantes para a manutencdo da imunidade contra a

infec¢do por M. tuberculosis (BOTHAMLEY et al., 1992; CANADAY et al., 1999).

Resposta granulomatosa pulmonar. Uma resposta granulomatosa apropriada ¢ essencial
para que o hospedeiro contenha a replicagdo da micobactéria (KAUFMANN AND
LADEL, 1994). A formagio do granuloma é a resposta tecidual caracteristica na infec¢ao
micobacteriana. O centro do granuloma ¢é tipicamente composto de macrofagos
(infectados ou ndo) circundados por um anel de linfocitos. Por vezes se encontram debris
celulares no centro, com a presenga de bacterias vivas, a chamada necrose caseosa.
Infiltragdo de macréfagos e linfécitos nos granulomas € crucial para a resisténcia a
infeccdo em humanos (SAUNDERS et al, 2000; RANDHAWA et al, 1990) e
camundongos (ORME AND COOPER, 1995; ULRICHS AND KAUFMANN, 2006;
GORDON et al. 1994). Além disso, as citocinas como o TNF sdo essenciais para a
geracdo de granulomas (ORME AND COOPER, 1995). Em camundongos deficientes em
IL-12 (COOPER et al., 1997), IFN-y (COOPER et al., 1993; FLYNN et al., 1993) ou
TNF (BEAN et al, 1999), os granulomas apresentam-se mal-formados ou
desestruturados. Essa inabilidade de formar granulomas apropriados leva a uma
replicagdo progressiva de micobactéria virulenta e morte dos animais. Esses dados
sugerem que a resposta granulomatosa deve ser finamente regulada para a contencio do

organismo intracelular.
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O entendimento dos mecanismos inatos envolvidos no controle da infec¢do por
M. tuberculosis é importante para o desenvolvimento de estratégias terapéuticas contra a

doenga.

INTERLEUCINA-12

Fontes de IL-12

A IL-12 foi primeiramente identificada como sendo um produto de células B de
linhagem transformadas pelo virus Epstein-Barr que ativava células NK além de induzir
IFN-y e proliferacdo de linfécitos T (KOBAYASHI et al,, 1989). DCs e fagocitos
(mondcito/macrogafo e neutrdfilos) sdo as principais fontes fisioldgicas de IL-12
(D'ANDREA et al., 1992; MACATONIA et al., 1995). A IL-12 é composta de um
heterodimero formado por uma cadeia leve de 35-Kda (conhecida como p35 ou IL-12a) e
uma cadeia pesada de 40-Kda (conhecida como p40 ou IL-12B). p35 apresenta
homologia com outras citocinas de cadeias simples, porém p40 tem homologia com o °
dominio extra-celular dos membros da familia de receptores das citocinas
hematopoiéticas (MERBEG et al., 1992). A estrutura incomum da 1L-12 pode ter se
desenvolvido da citocina primordial da familia da IL-6 ¢ um dos seus receptores. IL-23 ¢
IL-27 sdo duas citocinas relacionadas a IL-12 que foram recentemente identificadas
(OPPMANN et al., 2000; PFLANZ et al., 2002), sugerindo que IL.-12 é um protétipo de

uma pequena familia de citocinas heterodiméricas.
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O receptor de 1L-12 & composto de duas cadeias — IL-12RB1 e IL-12RB2 — que
ativa Janus Kinase (JAK)-STAT (signal trasnducer and activator of transcription)
(PRESKY et al., 1996). STAT4 é o principal fator de transcri¢do responsdvel pelos
efeitos celulares specificos da IL-12, como indicado pelo fato de que camundongos
deficientes em STAT4 tem um fenotipo idéntico ao fendtipo de animais deficientes em
IL-12p40 (THIERFELDER et al., 1996; KAPLAN et al., 1996). O receptor de IL-12 estd

expresso principalmente em linfocitos T ativados e células NK.

Regulacio da producio de IL-12

IL-12 é conhecido como o principal produto de células inflamatorias ativadas
(monocitos, macréfagos, neutrdfilos, microglia e DCs). A habilidade das DCs produzirem
IL-12 durante interagdes com linfocitos T e induzir respostas Thl foi primeiramente
demonstrado in vitro (MACATONIA et al., 1995). Logo apds, foi demonstrado in vivo
gue DCs do subtipo CD8a+, e ndo macrdfagos, sdo as primeiras células a sintetizar 1L-12
em bagos de camundongos injetados com um extrato soltvel de Toxoplasma gondii ou
lipopolissacarideo (LPS) (REIS E SOUSA et al., 1997). Essa primeira produgdo de IL-12
ocorre independentemente de IFN-y ou sinais provenientes de células T (GAZZINELLI
et al., 1994; SCHARTON-KERSTEN et al., 1996), apesar da sintese do heterodimero de
IL-12 ser facilitado pela estimulagdo via CD40L (SCHULZ et al., 2000). Outros
estimulos microbianos como Brucella abortus ou oligos DNA contendo CpG sdo capazes
de induzir a produgdo de 1L-12 a partir de DCs dos subtipos CD8a+ e CD8a-. As

subpopulagdes de DCs produtoras de IL-12 ap6s a infecgdo por M. tuberculosis nio
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foram bem caracterizadas. Entretanto, experimentos preliminares mostraram que as duas
populagdes de DCs (CD8a+ ¢ CD8a-) produzem IL-12 apds infecgdo in vitro com a M.
tuberculosis (A. Bafica e A. Rothfuchs, dados ndo publicados).

Produtos provenientes de microrganismos incluindo bactérias, parasitas
intracelulares, fungos, RNA de dupla fita, oligos DNA contendo CpG sdo potentes
indutores de 1L-12 por DCs, macrofagos e neutrofilos (MA AND TRINCHIERI, 2001).
A eficiéncia relativa dos diversos indutores dessa citocina depende da expressdo
diferencial dos TLR nos varios subtipos de DCs e fagécitos (JARROSSAY et al., 2001;
KADOWAKI et al., 2001). Entretanto, em fagdcitos, agonistas de TLR sozinhos ndo s@o
capazes de estimular o heterodimero de IL-12 e eles produzem baixos niveis de p40,
porém citocinas como IFN-y e IL-4 podem aumentar a capacidade dessas células de
produzirem IL-12p70 (HAYES et al,, 1998; MA et al.,, 1996). As células T também séo
capazes de induzir IL-12 por DCs e fagocitos, e isso pode ser feito via a produgio de
citocinas como IFN-y e intera¢des celulares com membros da familia do TNF; o exemplo
mais comum ¢ a interagdo entre CD40L nos linfécitos T ativados e CD40 na superficie
das DCs ¢ fagécitos. Outras citocinas como IFNs do tipo I induzem'a secregio de altos
niveis de p35 por DCs, sendo uma al¢a de alimentago positiva na produgdo de IL-12p70
ja que reconhecimento via TLR-MyD88 induz principalmente a producdo de p40

(GAUTIER et al., 2005).
Regulacdo negativa. IL-10, uma citocina crucial no balango entre a resposta efetiva

contra patogenos e inflamag@o sistémica detrimental, é um potente inibidor da sintese de

IL-12 através do bloqueio na trancri¢do de ambos p35 e p40 (ASTE-AMEZAGA et al,,
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1998; D'ANDREA et al., 1993). Outras citocinas como TGF-3 foram demonstrados como
inibidores de IL-12 (TRINCHIERI et al., 2003). Além de citocinas, outros mediadores
como as lipoxinas tem a capacidade de inibir a producdo de IL-12 por DCs in vivo ¢ in

vitro (ALIBERTTI et al., 2002).

Regulacdo transcripcional de p40 e p35. O promotor do gene de p40 foi estudado em
maior detalhe que a regido promotora do gene de p35. Apos estimulacdo com LPS em
macrofagos, o nucleossomo | sofre remodelamento o qual permite o acesso do fator de
transcrigdo C/EBP (Figura 2). Entretanto, apenas o remodelamento do nucleosomo nio é
suficiente para a transcricdio do gene que codifica p40, o qual contem vérios outros
elementos que sdo funcionalmente importante para a expressdo induzida de p40 (Figura

2) (TRINCHIERI et al., 2003).
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Figura 2. Regulac@o transcricional do gene que codifica 1L-12p40
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As regides promotoras do gene que codifica p35 foram clonadas tanto em
camundongos quanto em humanos (HAYES et al, 1998; TONE et al, 1996;
YOSHIMOTO et al., 1996) e contém regides que se ligam aos fatores de transcri¢do Spl,
IFN-y response element (IRF), PU.1 ¢ C/EBP (TRINCHIERI et al., 2003). A transcrigéo
de p35 parece ser iniciada em pelo menos dois sitios em humanos e 4 sitios em
camundongos sendo que o gene é regulado por mecanismos transducionais (HAYES et
al., 1998; YOSHIMOTO et al., 1996; BABIK et at., 1999). A presen¢a de multiplos sitios
iniciadores da transcri¢do sugere diferentes usos dos promotores em diversos tipos

celulares.

Funcgoes Biologicas da IL-12

IFN-y induzido por IL-12 medeia muitas das agdes pro-inflamatorias de IL-12,
apesar de sua capacidade de favorecer o estabelecimento de uma resposta Thl
exemplificar sua fun¢do com citocina regulatéria que liga a resisténcia inata e a
imunidade adaptativa. Foi demonstrado que a IL-12 apresenta um papel importante na
resposta Thl em modelos experimentais de auto-imunidade e em infecgdes,
particularmente por parasitas e bactérias intracelulares (revisto em TRINCHIERI et al.,
1998). A 1L-12 induz linfécitos T e células NK a produzirem varias citocinas incluindo
GM-CSF e TNF, além de ser eficiente na indug¢do de IFN-y por essas células. A
importancia da IL-12 como um indutor de IFN-y ¢ sustentada ndo sé pelo fato da sua alta

eficiéncia em baixas concentragdes, mas também pela sua capacidade de sinergizar com
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vérios estimulos ativadores como IL-2, intera¢des TCR-CD3 e ativacdo do receptor
CD28 na indugéo de altos niveis de IFN-y (CHAN et al., 1992).

Como denotado acima, a IL-12 é um mediador critico em infec¢Bes por
microrganismos intracelulares como M. tuberculosis. Dados provenientes de modelos
experimentais e estudos genéticos em humanos indicam que essa citocina apresenta um
papel importante no desenvolvimento de respostas efetivas em infecgdes micobacterianas
(COOPER et al., 1997; ALTARE et al., 1998). Além disso, a IL-12 foi demonstrada
como sendo um fator crucial na infec¢do por M. tuberculosis in vivo (COOPER et al,,
1997). Recentemente, demonstrou-se que a producfo continua de IL-12 é necessaria para
a manuten¢do de uma resposta Thl pulmonar para o controle da infecdo por M.
tuberculosis in vivo (FENG et al., 2005). Entretanto, pouco se sabe quais os receptores

envolvidos na induc@o dessa citocina no curso da infec¢do por M. tuberculosis.

LIPOXINAS

Fontes das Lipoxinas

Lipoxinas, mediadores lipidicos derivados da enzimas chamadas lipoxigenases
(LO), sdo formadas a partir de respostas multi-celulares do hospedeiro & infec¢do ou
estimulos inflamatorios. O acido aracd6nico e seus produtos de oxigenacdo podem ser
transferidos de uma célula a outra durante interacio célula—célula levando a
transformag¢do de substdncias pro- e anti-inflamatérias. As lipoxinas sdo produtos
formados in vitro e in vivo a partir de fontes enddgenas do aracdonato em diversas

espécies incluindo peixes e humanos (FIERRO AND SERHAN et al., 2001).
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Fungdes Bioldgicas das Lipoxinas

As lipoxinas apresentam diversas fungdes como agentes vasodilatadores e
imunomoduladores. Diferente da maioria dos mediadores lipidicos que séo
primariamente pro-inflamatdrios, como os leucotrienos, o fator-ativador de plaquetas
(PAF) e os prostandides, as lipoxinas, em particular LXA4, sdo potentes sinais contra-
reguladores de mediadores pro-inflamatorios endogenos (LTs e PAF) e de citocinas (TNF
e IL-6), resultando na inibicdo das a¢des dos leucocitos (SERHAN, 1997).

As lipoxinas se ligam a um receptor transmembranario acoplado a proteina G
chamado LXAR/FPRL-1 (MADDOX et al., 1997), e a um receptor nuclear chamado
AhR (SCHALDACH et al., 1999). Camundongos que super-expressam o receptor LXAR
apresentam uma resposta inflamatéria com menor duragio e menos intensa, indicando
que esse receptor medeia algumas, porém ndo todas, as agdes anti-inflamatorias das
lipoxinas (MADDOX et al., 1997). Entretanto, apesar de intensa investigacdo, a
contribuicdo de cada receptor (membrandrio vs nuclear) envolvida na sinalizagdo da
resposta anti-inflamatoria das lipoxinas ainda no foi dissecada.

Um dos principais produtos da 5-LO, a LXA4 apresenta agdes seletivas em
leucécitos que incluem a) inibi¢do da quimiotaxia de neutrofilos (LEE et al., 1989) b)
transmigracdo através de células epiteliais (COLGAN et al,, 1993) c) e adesdo e
transmigragdo em células cndoteliais (PAPAYIANNI, 1996). Dentre suas agdes no
sistema imune, LXA4 foi demonstrado como sendo um potente inibidor da produgio de
1L-12 induzida por um extrato do parasita 7. gondii por DCs in vivo (ALIBERTI et al,,

2002). Além disso, LXA4 ¢ capaz de induzir o recrutamento de mondcitos humanos



(SERHAN et al., 1999) que poderia estar envolvido com a resolugdo e cicatrizagdo dos
processos inflamatérios. Lipoxinas apresentam também outras atividades anti-
inflamatorias em modelos experimentais diferentes incluindo periodontite, artrite, nefrite
e doenca intestinal inflamatoria (KIERAN et al., 2004; SAMUELSSON, 1991; GOH et
al., 2003; VAN DYKE et al.,, 2003). Apesar da existéncia desses dados, as vias de
sinalizagdo envolvidas na resposta pré-inflamatéria ainda ndo foi esclarecida até o
presente momento. No entanto, sabe-se que um fator de transcrigdo chamado SUpPIessors
of cytokine signaling (SOCS)-2 ¢é induzido em células dendriticas apds a estimulagdo com
LXA4 in vitro (MACHADO et al, 2006). Interessantemente, quando DCs de
camundongos SOCS-2 KO foram tratadas com LXA4 in vitro, as mesmas apresentam
defeito na inibi¢do da produgdo de IL-12 induzido por STag (MACHADO et al., 2006).
Esses dados evidenciam que SOCS-2 pode estar envolvido na inibi¢do da resposta
inflamatéria mediada pelas lipoxinas na resposta contra 7. gondii. Atualmente ndo se
sabe se essa molécula estd envolvida na resposta a infecgdes pelo M. tuberculosis.

A formagdo das lipoxinas é observada quando as células sdo expostas a estimulos
soluveis (ativagdo de feceptores) ou fagociticos. A infecgdio por microorganismos é um
dos principais estimulos para a indugdo de lipoxinas, no entanto pouco se sabe sobre o
papel das lipoxinas em modelos de infecgdes. O parasita 7. gondii induz altos niveis de
LXA4 no plasma e camundongos deficientes em 5-LO sucumbem devido a inflamacio
incontrolavel e sistémica associado a um aumento significante da producdo de IL-12 por
DCs (ALIBERTI et al., 2002). Esses dados sugerem que a LXA4 regula a produgdo de
IL-12 por DCs in vivo e que o parasita intracelular 7. gondii possivelmente explora a

indugdo de lipoxinas como mecanismo de evasdo da resposta imune do hospedeiro. Foi
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determinado na presente tese se o patogeno humano M. tuberculosis induz a producido de
lipoxinas e se essas participam da resposta imune contra micobactéria (manuscrito III).
Além disso, uma revisdo com enfoque nas lipoxinas como mediadores anti-inflamatorios

envolvidos na evasdo dos patdgenos intracelulares (manuscrito IV) foi realizada.
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HIPOTESE E OBJETIVOS DESSA TESE

Hipotese: Os receptores do tipo Toll (TLR) e as lipoxinas sdo determinantes da

resisténcia/susceptibilidade na infec¢do por Mycobacterium tuberculosis.

O objetivo geral dessa tese foi caracterizar os mecanismos inatos que controlam a
produgdo de IL-12 durante a infecgdo experimental pbr M. tuberculosis. Os objetivos

especificos foram:
I) Investigar se a molécula MyD88, uma proteina adaptadora envolvida na sinalizagdo

dos TLR/IL-1R, participa na resisténcia do hospedeiro a M. tuberculosis num modelo

murino de infec¢do assim como na indug@o de uma resposta imune Thl.

1) Identificar o(s) TLR envolvidos na regulagdo da producdo de IL-12 mediada pela

infeccdo por M. tuberculosis in vitro e in vivo.

I1I) Identificar os TLR participantes da resisténcia dependente do MyD88 no controle

da infec¢ao por M. tuberculosis.

1V) Investigar o possivel papel das lipoxinas, eicosanoides anti-inflamatérios, na

regulacdo da producdo da 1L-12 durante a infeccdo por M. tuberculosis in vivo.
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DISCUSSAO DOS RESULTADOS OBTIDOS

A importincia dos PRR como receptores centrais na regulacio da sintese de IL-12
por células apresentadoras profissionais de antigenos induzida por M. tuberculosis in
vitro e in vivo foi investigada, assim como o papel das lipoxinas na defesa do hospedeiro
contra M. tuberculosis num modelo experimental. As DCs, que expressam PRR, devem
ser importantes na resposta imune contra patogenos intracelulafes, em particular, M.
tuberculosis. O entendimento dos mecanismos de controle da IL-12 mediada por M.

tuberculosis pode ser fundamental para revelar a imunidade contra esse patdgeno. [Deve

pois um sumario de cada trabalho foi omitido].

TLR no controle da producido de IL-12 induzido por M. tuberculosis

Envolvimento fundamental de MyD88 na imunidade contra M. tuberculosis

(manuscritos I e II)

Com o intuito de investigar o papel dos TLR na resiténcia a M. tuberculosis,
camudongos MyD&8-/- foram infectados com baixas doses do bacilo da tuberculose (50 —
100 unidades formadoras de coldnia/animal) num modelo de infecgfo via aerosol, que
simula a transmissdo em humanos. Nesse contexto, os camundongos KO em MyD88-/-
sdo altamente susceptiveis quando expostos a micobactéria. Concomitantemente, esses

animais apresentam um aumento na carga bacilar em pulmdes, bago e figado quando
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comparados com camundongos controles. Além disso, observou-se que os niveis na
mensagem para [L-12p40 e IFN-yse encontram significativamente diminuidos nos
camudongos MyD88-/-. Esses dados sugerem que a molécula adaptadora MyD8§ ¢
critica na protecdo contra M. tuberculosis além de regular as respostas do tipo Thi. IFN-y
¢ um dos principais atores na induc¢do de NOSII com consequente produgio de NO, um
metabdlito com atividades anti-micobacterianas in vitro e in vivo (FLYNN et al., 2001).
Foi determinado entio se um défeito na sintese de NO poderia contribuir para a
susceptibilidade aumentada dos camudongos deficientes em MyD88. Apds 3 semanas de
infec¢do com M. tuberculosis, esses camundongos apresentaram uma redugdo nos niveis
da mensagem para NOSII comparados com os niveis dos animais controles. Além disso,
uma analise histoquimica do tecido pulmonar mostrou que os camundongos MyD88-/-
apresentam uma diminui¢do da marcagdo para NOSIIL Esses resultados mostram que a
resisténcia a infecgdo por M. tuberculosis ¢ dependente de MyD88 e implicam a
sinalizagdo via TLR e/ou IL-IR como um fator determinante na proteg¢io contra esse
bacilo. Apesar do MyD88 estar envolvido na regulacdo da resisténcia & M. tuberculosis,
ndo se sabe quais os receptores especiﬁcos‘que sustentam essa resposta. Com o intuito de
se investigar qual a contribui¢do de TLR especificos na resposta a M. tuberculosis,

experimentos foram realizados em camundongos deficientes em diversos TLR.
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Papel dos TLR na regulacio das respostas Thl contra M. tuberculosis (manuscrito
i)

Baseado no fato que M. fuberculosis contém uma série de ligantes que ativam
especificamente diversos TLR, estudos utilizando principalmente camundongos KO em
um unico TLR foram realizados por grupos diferentes nos ultimos 5 anos. Apesar dos
resultados que sugerem que MyD88 esta criticamente envolvido na resposta imune a
micobactéria, esses estudos revelaram qué TLR2, TLR4 ou TLR6 apresentam uma
influéncia apenas marginal no controle inicial da infec¢do por M. tuberculosis. Na
presente tese, foi testada entdo a hipdtese que os diversos TLR colaboram na resposta
imune contra o M. tuberculesis. Para isso, o papel do TLR9 na resisténcia a micobactéria
foi testado (Tokunaga e cols. demonstraram em 1984 que o DNA micobacteriano € capaz
de induzir uma resposta inflamatdria anti-tumoral [TOKUNAGA et al., 1984]), ¢ sua
colaboragdo com TLR2, receptor esse que reconhece uma grande quantidade de ligantes
expressos na parede celular de M. tuberculosis. Observou-se que o DNA purificado de M.
tuberculosis ou de M. bovis induz a produgdo de IL-12 e TNF em APC sendo que esse
efeito ¢ totalmente dependente de TLRY. Os camundongos TLR9KO (mas ndo os
TLR2KO) infectados com M. tuberculosis apresentaram um defeito na indugdo de IL-
12p40 e IFN-y in vivo. No entanto, foi observado apenas leves redu¢des na resiténcia
aguda a infec¢do com baixas doses do referido patdgeno. Quando comparados com os
camundongos KO para TLR2 ou TLR9, animais duplo KO para TLR2 e TLRS
apresentaram uma aumentada suscetibilitade a infec¢o em associagdo com defeitos
combinados na producdo de citocinas pro-inflamatdrias in vitro, na producdo de IFN-y

especifica contra M. tuberculosis e patologia pulmonar alterada. Além disso, observou-se
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uma menor atividade das células Thl (produtoras de IFN-y) especificas contra
micobatéria em camundongos TLR9-/-, TLR2/9-/- ¢ MyD88-/-. Esses dados sugerem que
TLR9 controla a geragdo das respostas Thl, e que isso pode ser via a regula¢do da

producdo de IL-12 in vivo.

Lipoxinas no controle da producio de IL-12 induzido por M. ruberculosis

Lipoxinas como mediadores chave na imunidade contra M. tuberculosis (manuscrito
I11)

Como descrito acima, as respostas Thl sdo fundamentais no controle da infecgo
por M. tuberculosis. Como achados recentes indicam que as lipoxinas, mediadores
quimicos dependentes da 5-LO, regulam a produ¢do de IL-12 in vivo, propds-se nessa
tese analisar o papel dessas substincias anti-inflamatérias na modulagio dessa citocina e
resisténcia a infec¢do por M. tuberculosis. Altos niveis de lipoxina A4 (LXA,) foram
detectados no soro de camudongos selvagens mas nio em animais KO para 5-LO. Além
disso, os pulmdes dos camundongos 5LO-/- apresentaram um aumento nos niveis de
RNAm de IL-12 quando comparados com os mesmos tecidos dos animais selvagens.
Mais importante, a carga bacteriana pulmonar de animais 5-LO-/- se encontravam
significavamente mais baixa que camundongos selvagens e esse aumento na resisténcia
dos camundongos KO foi completamente prevenido quando uma.andlogo estavel da
lipoxina foi administrado no grupo experimental. Esses resultados mostram que as

lipoxinas regulam negativamente as respostas protetoras do tipo Thl contra M.
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tuberculosis in vivo e sugerem que a inibigio da via biossintética das lipoxinas podem

servir como uma estratégia de estimulo da resiténcia a infec¢do por M. tuberculosis.

CONSIDERACOES FINAIS E PERSPECTIVAS

De uma maneira geral, os dados apresentados nessa tese sustentam o conceito de
que a ativacdo da imunidade inata ¢ fundamental para a geragdo de uma'resposta
adaptativa protetora contra M. tuberculosis. A inducdo de IL-12 nas fases iniciais e
durante o curso da infecgdo com M. tuberculosis ¢ um passo critico na ativagdo e
manutencio da resposta imune (FENG et al., 2005), a qual proporciona uma resposta
otima com inducgdo da proliferagdo de células T especificas levando a um controle do
microrganismo invasor.

Em conjunto, os manuscritos apresentados nessa tese mostram que o M.
tuberculosis induz varios niveis de controle inato da produgio de IL-12. Assim, de um
lado, o reconhecimento de padrdes moleculares como lipoproteina e/ou DNA do agente
infeccioso devem ser importantes na indugdo dessa citocina, e por outro, mediadores
quimicos induzidos pelo bacilo como as lipoxinas agem inibindo a produg@o de IL-12 e
facilitando a sobrevida do M. tuberculosis. Nao foi investigado se o bacilo usa os TLR
para induzir a produgdo de lipoxinas pelas células do hospedeiro.

Desvendar os mecanismos pelos quais os receptores envolvidos na ativag@o da
imunidade inata (ex.: cooperagdo) € importante no desenvolvimento de estratégias
terapéuticas ¢ vacinais contra o bacilo. Como exemplo, a regulagio da

expressido/sinalizacdo via MyD88, em particular TLR2 e TLR9, pode servir como
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mecanismo de elimina¢do do bacilo. Ainda ¢ possivel que o uso de adjuvantes especificos
para esses dois TLR in vivo possam desempenhar um papel no desenvolvimento de
respostas imunes contra M. tuberculosis.

Além disso, o entendimento das vias pelas quais o M. fuberculosis utilizam para
inibir a resposta imune pode ser um passo fundamental para essas estratégias. Assim, as
lipoxinas sfo canditados que podem ser inibidos em pacientes infectados com o bacilo.
Nesse interim, bloqueadores especificos da enzima 5-LO como o zileuton estdo
disponiveis no mercado para o tratamento de asma, porém ndo foram testadas em

pacientes portadores de tuberculose ou outras doengas infecciosas.



Conclusoes Gerais

Um conjunto de conclusdes basicas podem ser retirados dos manuscritos apresentados

nessa tese e estio resumidos abaixo:

|39

A producdo de IL-12 é regulada por MyD&8 in vivo e in vitro;

A produgdo de TNF induzida por M. tuberculosis por macrofagos depende de
TLR2 in vitro;

O DNA de M. tuberculosis e M. bovis (BCG) induz uma resposta inflamatoéria
dependente de TLR9 em células apresentadoras de antigeno;

A sinaliza¢do via TLR2 e TLR9 por M. tuberculosis in vivo induz respostas
protetoras contra M. tuberculosis;

TLR9 controla a resposta protetora do tipo Thl (produgdo de IL-12 ¢ IFN-y)
contra M. tuberculosis in vivo;

M. tuberculosis induz altos niveis de lipoxinas no soro;

As lipoxinas sdo mediadores chaves na regulacdo de IL-12 no curso da infeccdo
por M. tuberculosis;

As lipoxinas s3o agentes anti-inflamatérios que negativamente modulam a

resisténcia a M. tuberculosis.
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Mycobacterium tuberculosis possesses agonists for several Toll-like receptors (TLRs), yet mice with single
TLR deletions are resistant to acute tuberculosis. MyD88 ™/~ mice were used to examine whether TLRs play
any role in protection against aerogenic M. tuberculosis H3TRv infection. MyD8S8™/~ mice failed to control
mycobacterial replication and rapidly succumbed. Moreover, expressions of interleukin 12, tumor necrosis
factor alpha, gamma interferon, and nitric oxide synthase 2 were markedly decreased in the knockout animals.
These results argue that resistance to M. fuberculosis must depend on MyD8§-dependent signals mediated by
an as-yet-undetermined TLR or a combination of TLRs.

Studies of both experimental models and patients with ge-
netic defects have indicated a major role for gamma interferon
(IFN-v) in host resistance to Mycobacterium tuberculosis (5, 7,
11). This typically T-lymphocyte-dependent response is
thought to be driven primarily by proinflammatory cytokines
such as interleukin 12 (J1.-12) and IL-18 that are stimulated by
innate recognition events occurring soon after initial infection.
While antigen-presenting cells (APC) such as dendritic cells
and macrophages are likely sources of these initiating cyto-
kines, the receptor-mycobacterial ligand interactions responsi-
ble for APC triggering in vivo have not been clearly defined.
Members of the Toll-like receptor (TLR) family are major
candidates for the host receptors involved in the innate recog-
nition of mycobacteria. TLRs are evolutionarily conserved pro-
teins that have been shown to detect molecular pattetns in
nearly every class of infectious microorganism (15). Their li-
gation leads to proinflammatory cytokine production and up-
regulated costimulatory molecule expression by APC (15). In
vitro studies have shown that M. tuberculosis possesses potent
agonists for a number of TLRs, including TLR2 (4, 12, 17, 28,
29) and TLR4 (1, 17). Surprisingly, mice deficient in TLR2 (18,
25), TLR4 (1, 6, 18, 23), or TLR6 (25) show no defects in acute
resistance to acrogenic M. tuberculosis infections. Additionally,
a recent report has shown that gene expression in macrophages
infected with M. ruberculosis in vitro is largely independent of
the TLR intracellular adaptor molecule myeloid differentiation
factor 88 (MyD88) (22). These studies raise the question of
whether TLR signaling plays any role in resistance to M. fu-
berculosis.

All TLRs that have so far been identified have at least one
signaling pathway dependent on MyD88 (15), and thus mice
deficient in MyD88 offer a system to test the hypothesis that
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50 South Dr., Bethesda, MD 20892-8003. Phone: (301) 594-3454. Fax:
(301) 402-0890. E-mail: cscanga@rniaid nih.gov.
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TLR signaling is required for resistance to acute tuberculosis.
Since MyD88 is also required for IL-1 receptor (IL-1R) and
IL-18R signaling, the possible involvement of these receptors
must also be taken into account. MyD88 ™'~ mice have been
shown to be highly susceptible to a number of pathogens,
including Listeria monocytogenes (8, 21), Staphylococcus aureus
(27), and Toxoplasma gondii (19), and in a recent study, we
demonstrated that these animals are more susceptible to My-
cobacterium avium infection than either TLR2- or TLR4-defi-
cient mice (9).

To test the requirement for MyDS88 in host resistance to
aerosol M. tuberculosis infection, we infected MyD88 ™~ mice
(3) partially backcrossed on a C57BL/6 background with 20 to
50 CFU of the virulent H37Rv strain of M. tuberculosis by using
a nose-only exposure chamber (CH Technologies, Westwood,
N.J.) and compared their survival and immune responses to
those of wild-type control (WT) mice (Taconic Farms, Ger-
mantown, N.Y.). In three separate experiments, MyD88-defi-
cient mice succumbed to M. tuberculosis infection within only
42 days of infection, while WT mice survived for >180 days
(Fig. 1A). This mortality was indistinguishable from that ob-
served with similarly infected IFN-y™'~ mice in a separatc
experiment (mean survival time, 41 =+ 1 days). Lungs of in-
fected animals were removed, homogenized in phosphate-buff-
ered saline with 0.5% Tween 80, and plated on 7H11 agar
plates to enumerate the numbers of bacilli. The mycobacterial
burden in the lungs of MyD88 ™'~ mice was consistently higher
than that in the WT animals at each time point examined,
reaching a >3-log difference at their time of death (Fig. 1B).
This increase in bacterial numbers was also evident in acid-fast
stained sections of the same tissue (Fig. 2A and B). His-
topathological examination at 3 weeks revealed exacerbated
granulomatous inflammation and necrosis in the lungs of
MyD88 ™/~ mice relative to those of comparably infected WT
animals (Fig. 2C and D), and this difference became even more
pronounced at 5 weeks postinfection (data not shown). Livers
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mice are more susceptible than WT mice to aerogenic M. tuberculosis infection. (A) MyD88 “/* micc (diamonds) and

C57BL/6 X 129sv (F,) WT animals (squares), used to control for the possible influence of contaminating 129 genes, were infected in groups of
5 to 7 mice with 20 to 50 CFU of M. tuberculosis and monitored for survival. Data are representative of two separate experiments, Bacterial burdens
(means = standard errors) in the lungs (B) or livers (C) were also measured in three mice per group at the times indicated. Asterisks indicate
statistically significant (P = 0.05) differences determined by unpaired ¢ test after log transformation between CFU values in MyD88™™ and WT

animals. Data are representative of the results from two experiments.

from MyD&88 "/~ mice also showed higher mycobacterial loads,
particularly at 3 weeks postinfection, a time when bacterial
CFU were still below the limit of detection in the WT animals
{(Fig. 1C). In liver tissue, sections from MyD88™"" mice
showed fewer lesions (0.03 £ 0.02 granulomas/12X field) com-
pared to those of WT animals (0.33 + (.18 granulomas/12X
field) at the same 3 week time point (Fig. 2, compare panels E
and F), despite the marked clevation in bacterial load (Fig.
1C). However. by 5 weeks, both granuloma numbers and mor-
phology appeared comparable in the WT and MyD&8™'~ an-
imals (data not shown). These findings suggest that MyD88 ™/~
mice display both delayed initial granuloma formation as well
as impaircd control of bacterial growth within the mature le-
sions that eventually develop.

We next investigated the immunologic defect(s) responsible
for the striking susceptibility to M. ruberculosis exhibited by
MyD88 "/~ animals. Total RNA was isolated from the lungs by
using Trizol (Invitrogen, San Diego, Calif.), and ¢cDNA was
prepared by using Superscript reverse transcriptase (RT; In-
vitrogen) and subjected to quantitative real-time RT-PCR
analysis with previously described primers (9) and a 7900HT
sequence detection system (Applied Biosystems, Foster City,
Calif.). 1L-12 and IFN-y, two cytokines required for control of
M. tuberculosis in mice (10) and implicated in mycobacterial
resistance in humans (3), are induced by a number of patho-
gens in an MyDS88-dependent manner (2, 9, 19, 21). We ob-
served significantly less 1L-12p40 and IFN-y mRNA in the
lungs of M. tuberculosis-infected MyD88™/™ mice than in sim-
ilarly infected WT mice at both 2 and 3 weeks postinfection
(Fig. 3A und B). Transcripts for tumor necrosis factor alpha
(TNF-«), another proinflammatory cytokine required for re-
sistance to M. tuberculosis infection (10), were also reduced
significantly in the Jungs of infected MyD88-deficient animals
(Fig. 3C).

The defects in the IL-12 and IFN-y responses in the knock-
out (KO) animals as deteeted by real-time RT-PCR in vivo
were investigated further in ex vivo restimulation experiments.
Splenocytes were plated at 5 % 10° cellspwell in 96-well plates

and restimulated with purified protein derivative (Statens Se-
ruminstitut, Copenhagen, Denmark), and IL-12p40 and IFN-y
were quantitated in supernatants 3 days later by enzyme-linked
immunosorbent assay as described previously (19). At2 and 4
weeks postinfection, splenocytes from M. fuberculosis-infected
MyD88~/~ mice made significantly less IL-12p40 and IFN-y
than did spleen cells from infected WT animals (Fig. 3D and
E). Nevertheless, it is important to note that for each of the
cytokines studied in vivo and ex vivo, a significant level of
cytokine expression was evident even in the MyD88 ™/~ ani-
mals, suggesting the existence of alternative signaling pathways
for generating these responses.

IFN-v plays a major role in the up-regulation of nitric oxide
synthase 2 (NOS2) and the subsequent production of NO, a
metabolite with antimycobacterial activity both in vivo and in
vitro (10). We assessed whether impaired NO synthesis might
contribute to the enhanced susceptibility of MyD88 /™ mice to
M. tuberculosis by measuring NOS2 gene expression as well as
its production in situ in the lungs of infected mice. MyD88 ™/~
mice showed markedly reduced NOS2 mRNA levels compared
to those of WT animals by 3 weeks postinfection (Fig. 3F).
Moreover, immunohistochemical staining for NOS2, per-
formed as described previously (20), was greatly diminished in
the tungs of the KO mice compared to those of WT animals at
the same time point (Fig. 2G and H). Therefore, M. tubercu-
losis-induced NOS2 expression in vivo is largely dependent on
MyD88, a finding which contrasts with the conclusion of in
vitro studies in which the induction of NOS2 expression by M.
tuberculosis was observed to be MyDS88-independent (16, 22).
This discrepancy may reflect additional downstream eiffects of
MyDS88 deficiency on NOS2 gene induction by M. tuberculosis
in vivo versus in vitro.

These findings establish that host resistance to infection with
M. tuberculosis H37Rv is dependent on MyDS88 and thercfore
strongly implicate TLR and/or IL-1/IL-18 reccptor signaling in
this response. Previous studies using mice deficient in [L-1
(30), TL-1R (13), or IL-18 (14, 24) have revealed minor roles
for these signaling elements in the control of M. tuberculosis
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FIG. 2. MyD88 ™/~ mice infected with M. tuberculosis exhibit more bacilli, exacerbated pathology, and reduced NOS2 expression in lungs, as
well as delayed granuloma formation in liver. Formalin-fixed, paraffin-embedded lung (A to D, G, and H) and liver (E and F) tissue sections from
mice 3 weeks after infection with aerosol M. tuberculosis were stained by the Kinyoun acid-fast method to detect mycobacteria (red staining) (A
and B) or with hematoxylin and eosin stain (C to F). Note the absence of granulomas in panel F. NOS2 was visualized immunohistochemically in
serial sections of these same tissues (G and H). Sections shown are representative of multiple fields from the organs of at least three animals per
group. Original magnifications are X63 (A and B), X5 (C and D), X10 (E and F), and X20 (G and H).

relative to the role described here for MyD88. Therefore, our
results argue for a major function of TLRs in host defense
against this pathogen and are consistent with previous data
demonstrating a requirement for MyD88 in resistance to M.
avium infection (9).

Our findings are, however, in partial disagreement with a
recently published study in which MyD88 ™/~ mice aerogeni-
cally infected with the Kurono strain of M. tuberculosis

showed no increase in mortality, despite developing higher
bacterial loads than WT animals (26). Moreover, no signif-
icant reduction in proinflammatory or Thl cytokine produc-
tion was observed in the infected MyD88 /" animals (26).
Since a similar infection protocol was used in both this and
the present study, it is likely that the disparate results relate
to differences in the bacterial strains employed. An alterna-
tive possibility is that the discrepancy is due to differences in
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FI1G. 3. Expression of 1L-12, [FN-vy, and TNF-«. as well as NOS2,
is impaired in MyD88™" mice following acrogenic M. wberculosis
infection. Real-time RT-PCR was used to quantitate T1L-12p40 (A),
IFN-y (B), TNF-a (C), and NOS2 (F) mRNA cxpression in the lungs
of infected WT (gray bars) and MyD88 ™~ (black bars) mice. In par-
allel experiments, splenocytes from infected WT and MyD88™/~ mice
were isolated and restimulated with purified protein derivative, and the
supernatants were analyzed 3 days later for IL-12p40 (D) and IFN-y
(E) by enzyme-linked immunosorbent assay. Each bar is the mean {(*
standard deviation) of data from three mice. Asterisks indicate a P
value of =0.05 determined by unpaired ¢ test. Data are representative
of results from three experiments.

the genetic background of the KO mice used in the two
studies.

While MyD88 appears to regulate resistance to at least some
M. tuberculosis strains, the specific TLRs involved have yet to
be defined. Previous studies investigating TLR2 (18, 25), TLR4
(1, 6, 18, 23), or TLR6 (25) have revealed only a minor influ-
ence of these TLLRs in the early control of M. tuberculosis.
Therefore, cither a TLR not yet tested or a combination of
different TLRs is likely to explain the MyD§8 dependency of
host resistance to M. tuberculosis. Since M. tuberculosis H37TRv-
infected MyDS88/" mice showed impaired IL-12, IFN-v,
TNF-w, and NOS2 responses, it is rcasonable to speculate that
the TLR signaling pathways involved determine host control of
infection by regulating the production of these four mediators,
known to be required for resistance to M. tuberculosis in mice
(10). However, since MyD88 dcficiency did not result in a
complete elimination of 1L-12, IFN-y, TNF-a, or NOS2 ex-
pression, it is possible that other as-yet-unidentified, TLR-
dependent immune responses contribute to control of this
important pathogen.

We thank Shizuo Akira and Douglas Golenbach for gencrously
providing the original MyD887/~ breeders. We are also grateful to
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TLR9 regulates Th1 responses and cooperates
with TLR2 in mediating optimal resistance
to Mycobacterium tuberculosis
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To investigate the role of Toll-like receptor (TLR)9 in the immune response to mycobacteria
as well as its cooperation with TLR2, a receptor known to be triggered by several major
mycobacterial ligands, we analyzed the resistance of TLR9~/~ as well as TLR2/9 double
knockout mice to aerosol infection with Mycobacterium tuberculosis. Infected TLR9~/~ but
not TLR2~/~ mice displayed defective mycobacteria-induced interleukin (IL)-12p40 and
interferon (IFN)-v responses in vivo, but in common with TLR2~/~ animals, the TLR9~/~
mice exhibited only minor reductions in acute resistance to low dose pathogen challenge.
When compared with either of the single TLR-deficient animals, TLR2/9~/~ mice displayed
markedly enhanced susceptibility to infection in association with combined defects in
proinflammatory cytokine production in vitro, IFN-y recall responses ex vivo, and altered
pulmonary pathology. Cooperation between TLR9 and TLR2 was also evident at the level of

the in vitro response to live M, tuberculosis, where dendritic cells and macrophages from
TLR2/97/~ mice exhibited a greater defect in IL-12 response than the equivalent cell
populations from single TLR9-deficient animals. These findings reveal a previously
unappreciated role for TLR9 in the host response to M. tuberculosis and illustrate TLR
collaboration in host resistance to a major human pathogen.

Toll-like receptors (TLRs) are thought to play
a critical role in both innate resistance and the
initiation of adaptive immunity to infectious
agents (1, 2). TLRs are known to recognize
distinct molecular structures on microbes, and
in several cases (e.g., recognition of viruses by
TLR3, TLR7, TLRS, and TLR9), different
sets of TLRs have been associated with the
response to different classes of microorganisms
(1). Although the available evidence suggests
that multiple rather than single TLRs are re-
quired for innate defense against most patho-
gens (tor review see reference 2), it is not clear
how signals from different TLRSs are orchestrated
In generaung a protective response. In particular,
there 15 controversy as to whether at the in
vivo level multiple TLR interactions are required
to trigeer individual effector elements or whether
TLR. cooperation stems from the interaction
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of distinct effector mechanisins, each triggered
by individual TLRs. .

TLR signaling has been postulated to have
a major involvement in the regulation of host
resistance to Mycobacterium tuberculosis (3, 4), an
important human pathogen that infects over
one third of the world’s populadon (5). Immu-
nological control of M. fuberculosis infection
has been shown to depend on Th1 CD4* T
cells as well as TINF, IFN-y, and [L-12 (6-14).
The latter cytokine, produced largely by APCs
such as DCs and macrophages, is thought to
function in mycobacterial immunity by both
inducing and maintaining the Thi-mediated
IFN-vy response (8, 9, 15). M. wberatlosis as well
as other mycobacteria contain well-characterized
TLR ligands that arc potent in vitro stimuli of a
number of proinflammatory cytokines, includ-
ing TNF and [L-12 (16-19). A vole for TLR
signaling in host resistance to M. tuberculosis is
further supported by the observation that mice
deficient in MyID88, a major adaptor molecule
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required for signaling events by most TLR/IL-TR family
members, show greatly enhanced susceptibility to aerosol in-
fection with the pathogen, equivalent to that observed with
IFN-y-deficient mice (20, 11). Infected MyD88~"~ animals,
in addition to their loss of resistance, display impaired proin-
flammatory cytokine synthesis, which was found to correlate
with decreased nitric oxide synthase 2 expression and dimin-
ished [FN-y synthesis (20). In addition, MyD88-deficient
APCs display 2 marked reduction in the synthesis of 1L-12,
TNF, and nitric oxide when exposed to M. tubercitlosis in
vitro (21, 22),

Although MyID88 appears to play a major role in resis-
tance to M. ruberculosis, it has been difficult to attribute this
requirement to the function of a single TLR. Thus, mice
deticient in TLR2, TLR4, TLRS6, IL-1. or IL-18, although
in some cases displaying specific defects in antimycobacterial
responses, exhibit only minor increases in susceptibility to
low dose acrogenic challenge (23-28). For example, M. tu-
bercuosis—infected TLR27/7 mice, although showing defec-
tive granuloma formation, display only a small elevation in
pulmonary bacterial loads late in infection and survive for at
least 150 d (28). Interestingly, however, when infected with
unconventionally high doses of M. tuberculosis, TLR27/~ but
not TLR47/7 mice exhibit greatly enhanced susceptibility
compared with WT animals (23, 24). This loss in resistance
is accompanied by alterations in proinflammatory cytokine
and nitric oxide synthase 2 expression as well as the pul-
monary granulomatous response (28). TLR2 also has been
shown to play an important role in the regulation of myco-
bacterial-induced cytokine production by APCs in vitro (23,
28-30). Nevertheless, it is difficult to reconcile this evidence
for TLR2 involvement with the minimal loss in resistance
consistently observed in TLR2"/" mice challenged with low
level physiological doses of M. tubercanlosis.

One interpretation of the above findings is that host re-
sistance to M. tuberculosis depends on a previously unevalu-
ated TLR~ligand interaction. TLRY is one such TLR/IL-
IR family member whose involvement in control of M.
tuberculosts infection has never been formally addressed. TLR9
was 1nitially described as recognizing unmethylated CpG
motifs in bacterial and viral DNA (31, 32) and was shown to
be responsible for the immunostimulatory effects of these
nucleic acids. In this regard, it is of interest that the original
demonstration of the adjuvant properties of DNA emerged
from studies on Mycobacterium bovis (bacillus of Calmette and
Guernin [BCGJ) (33) and that DNA from M. mberculosis as
well as other mycobacteria has subsequently been shown to
contain highly immunostimulatory CpG mortifs (34-37).
TLRY is known to be localized in endosomes as well as
phagolysosomies, where it could be triggered by mycobacte-
rial DNA after uptake of the pathogen (38-41). For these
reasons we considered TLRY to be an important candidate
pattern-recognition receptor that might account for the
MyDS§8 dependency of host resistance to M. tiberculosis.

In this study, we show that DNA from M. tubereulosis is
indeed a potent stimulus of TLR9-dependent proinflammia-
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tory cytokine production by both DCs and macrophages and
that the in vitro responses of these cells to live mycobacteria
are also partially dependent on TLRY. In addition, our data
indicate that TLR9 plays an important role in the regulation
of the mycobacteria-induced Thl responses during M. tuber-
culosis infection in vivo. Finally, we demonstrate that mice
doubly deficient in TLR9 and TLR2 show enhanced sus-
ceptibility to M. tuberaulosis not observed in mice lacking
either TLR2 or TLR9 alone. Taken together, these data
reveal a role for TLR9 in the itnmune response to M. tuber-
culosis and provide an important example of TLR collaboration
in host resistance to infection.

RESULTS

DNA from M. tuberculosis induces proinflammatory cytokine
responses through a TLR9~-dependent pathway

To assess whether TLRY plays a role in M. tuberculosis in-
fection, we first asked if the stimulation of proinflammatory
responses by mycobacterial DNA documented in previ-
ous studies (33-37) depends on this TLR as would be
predicted. As shown in Fig. S1 A, available at http://
www jemn.org/cgi/content/full/jem.20051782/DC1, puri-
fied DNA from M. tuberculosis, BCG, or Escherichia coli
stimulated 1L-12p40 production by splenic CD11c¢* DCs
from WT mice. [mportantly, this response was found to be
TLR9-dependent as was M. tubercslosis DNA-induced IL-
12p40, TNF, and IFN-«a production by BM-derived DCs
(BMDCs; Figs. S1, B and C, and S3) and TINF and IL-6
synthesis by BM-derived macrophages (BMM; Fig. S1, D
and E). In keeping with previously published data demon-
strating a requirement for endosomal acidification in im-
mune stimulation by CpG oligonucleotides (42), the re-
sponse of splenic DCs to mycobacterial DNA was found
to be inhibited by chloroquine treatment (not depicted).
Taken together, these results indicate that mycobacterial
DNA is a-potent stimulus for TLR9-dependent cytokine
production by murine APCs.

The in vitro IL-12 response of APCs to M. tuberculosis bacilli
is regulated by both TLR9 and TLR2, whereas TNF

is controlled primarily by TLR2

Having demonstrated TLR 9-dependent proinflammatory re-
sponses to mycobacterial DNA, we next asked whether
TLRY regulates cytokine production stimulated by live M.
tuberculosis in freshly isolated splenic DCs. In addition, we si-
multaneously assessed the involvement of TLR2 because this
receptor has previously been shown to influence proinflam-
matory cytokine production by BM-derived APC popula-
tions in response to M. tuberculosis infection (23, 28, 43).

As shown in Fig. 1 A, live M. tuberculosis induced fL-
12p40 secretion by splenic DCs in a dose-dependent man-
ner, and this response was markedly reduced in the absence
of MyD88. Heat-killed mycobacteria also induced [L-12p40
production, indicating that this response is not dependent on
DC infection. Nevertheless, in agreement with a previ-
ous study (44), M. tuberculosis—induced 1L-12 synthesis was
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Figure 1. Role for both TLR9 and TLR2 in the MyD88-dependent

{L-12p40 response of spienic DCs to M. tuberculosis. (A) Purified CD11¢c™
spleen cells from WT or MyD88 =/~ mice were exposed to live (MO = 1:1
[M. tuberculosis 1] or 3:1 [M. tuberculosis 3}) or heat-killed (MOl = 1:1
H-K M. tuberculosis 1]} M. tuberculosis for 24 h. (B} WT DCs were treated
with 5 pg/mi cytochalasin'D or vehicle (DMSO) for 30 min and then incu-
bated with live M. tuberculosis (MO = 1:1) or 10 pg/ml LPS for 24 h.
{C) DCs from WT or TLR2~/~ mice were treated with 5 wg/mi chloroquine
or vehicle {saline) for 30 min and then stimulated with live M. tuberculosis
(MOl == 1:1} for 24 h. (D} DCs from WT, MyD88~/= TLR2~/~ TLR9~!~, and
TLR2/9 I~ were exposed to live M. tuberculosis (MOl = 1:1) or TLR ago-
nists as described in A. In all experiments, supernatants were harvested
and IL-12p40 was determined by ELISA. Results are means =+ SE of tripli-
cate measurements. Experiments shown are representative of at least
three performed. *, P < 0.05 between experimental and control groups in
A, B, and C. **, P <0 0.05 between TLR2™/ versus TLRS ™/~ values in D.

greatly impaired in the presence of cytochalasin D, suggest-
ing at least a partial requirement for bacterial phagocytosis
(Fig. 1 B). Interestingly, DCs from either TLR2- or TLR9-
deficient mice displayed significantly reduced [L-12p40 pro-
duction in response to live (Fig. 1 D) or heat-killed (not de-
picted) M. tuberculosis, with TLR9-deficient DCs showing
the greater defect. However, DCs from mice lacking these
single TLRs were clearly less impaired in their [L-12 respon-
siveness than DCs from MyD887/~ animals (Fig. 1 D).
Chloroquine partially inhibited bacterial-induced I1L-12 syn-
thesis by WT DCs and completely blocked the response of
TLR277 DCs to this stimulus (Fig. 1 C), supporting a ma-
Jor requirement for endosomal acidification in M. fuberalosis—
stimulated 11.-12 production.

To test whether TLR9 and TLR2 have additive effects
on M. wbercilosis—induced cytokine production, we gener-
ated TLR2/9-deficient mice and tested the response of
DCs from these double KO (IDKO) animals. Importantdy,
M. niberenlosis—exposed splenic DCs from TLR2/97/~ mice
displayed a profound reduction in 1L-12p40 synthesis,
greater than that seen with either of the single KO animals
and comparable to that seen with DCs from MyD88-defi-
cient mice (Fig. 1 D). TLR2/TLRY cooperation was also
observed in the 1L-12p40 as well as p70 response of
BMDCs to M. tuberculosis (Fig. S2, available at http://
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Figure 2. Role of TLR9 and TLR2 in proinflammatory cytokine
production by M. tuberculosis-stimulated macrophages. BMM from
WT, MyD88~/~ TLR2~/=, TLR9~/~, and TLR2/9~/~ were stimulated with
M. tuberculosis (MOl = 1:1}, 15 pg/m! CpG, 5 pg/m! PGN, or 100 ng/ml
LPS for 24 h. (A} IL-12p40, (B) TNF, and (C) IL-6 production was measured
in the culture supernatants by ELISA. Results are means = SE of triplicate
measurements. Experiments shown are representative of two performed.

* P < 0.05 between WT versus KO values.

www.jem.org/cgi/content/full/jem.20051782/DC1), al-
though in agreement with previously published data in a
similar in vitro system (43}, levels of the IL-12 heterodimer
were much lower than the single p40 chain. Also consistent
with previous findings (45), no influence of TLR2, TLRSY,
or MyD88 on type I IFN preduction (IFN-a) by DCs
stimulated with live M. tubercufosis was detected in these
experiments (Fig. S2 D).

Because macrophages play a major role in the response to
mycobacteria, we also investigated TLR2/TLRY involve-
ment in proinflammatory cytokine production by these cells.
BMM from TLR2- or TLR9-deficient mice showed signifi-
cant reductions in bacteria-stimulated IL-12 synthesis (Fig. 2
A). Moreover, DKO BMM showed reduced cytokine re-
sponses comparable to those seen in MyD88~"~ APC popu-
lations (Fig. 2), suggesting that TLR2 and TLRY act in con~
cert in signaling IL~12 responses by these cells. In contrast,
TNF and IL-6 production by macrophages appeared to be
controlled primarily by TLR2 and not TLRY (Fig. 2, B and
C). TLR2 also appeared to preferentially regulate the low
level TNF response observed in BMDCs (Fig. S2 C) and
splenic DCs (not depicted).
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Figure 3. Interaction of TLR9 and TLR2 in host resistance to aerosol
M. tuberculosis infection. [A) WT, TLR2-, TLR9-, TLR2/9-, and MyD§8-
deficient mice were aerogenically infected with 50-100 CFUs/mouse (n = 6
animals per group), and survival was monitored. The results shown are
representative of two independent experiments. Statistical analysis revealed
that the MyD88-, TLR9-, and TLR2/9-deficient mice were significantly more
susceptible (P < 0.01) than WT animals and that the survival curve of the
TLR2/97/~ mice is significantly different from that of the TLR9 (P = 0.027},
TLR2 {P = 0.0053}, or MyD88 {P = 0.002) animal groups. (B} Lungs from
infected animals were harvested at 21 and 42 d after infection, and myco-
bacterial loads were determined. Results are mean = SE of measurements
from four animals. The experiment shown is representative of two performed.
*, differences in CFUs between the KO versus WT groups that are statistically
significent (P < 0.05).

TLR2 and TLR9 cooperate in host resistance

to M. tuberculosis infection

To assess and compare the respettive roles of TLR2 and
TLRY in resistance to infection in vivo, we measured
survival, bacterial loads, and histopathology i TLR27/~,
TLRY™ TLR2/97/", MyD88/", and WT control mice
infected by the aerosol route with a low dose (50-100
CFUs) of virulent M. tuberculosis. At this challenge level,
all WT animals survived for at least 200 d, whereas all
MyD88 /" animals succumbed within 75 d as reported pre-
viously (20, 21). Most single TLR27~ and TLR9™/~ mice
survived for the full 200-d period of the experiment, with
some attrition occurring after day 100 (Fig. 3 A). In contrast,
infected TLR2/97/" mice began to die much earlier, and all
succumbed within 120 d (Fig. 3 A).

In several previous studies, a more profound etfect of
TLR2 deficiency on host resistance to M. tuberailosis was re-
vealed at higher challenge doses (23, 28). In analogous fash-
ion, TLRY-deficient mice were shown to be highly suscep-
tible to challenge with 500 CFUs/mouse, with all of the
animals now succumbing by day 70 (Fig. 4 A).

Thie observed effects of TLR deficiency on host resistance
correlated with changes in pulmonary bacterial load measured at
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Figure 4. Increased susceptibility of TLR3~/~ mice to high dose
M. tuberculosis infection. (A} WT, MyD88-, and TLR9-deficient mice were
aerogenically infected with 500 CFUs/mouse {n = 5 animals per group)
instead of the usual 50-100 CFU challenge, and survival was monitored.
The results shown are representative of two independent experiments.
Statistical analysis revealed that the MyD38- and TLRS-deficient mice
were significantly more susceptible (P < 0.001) than WT animals and that
the survival curve of the TLRS mice is significantly different (P = 0.0042)
from that of the MyD88 animal group. (B) Lungs from infected animals
were harvested at 14 and 21 d after infection, and mycobacterial loads
were determined. Results are mean = SE of measurements from four
animals. *, a statistically significant difference (P << 0.05) in CFUs between
TLR9 ™/~ versus WT mice.

days 21 and 42 after infection with a low dose inocula (Fig. 3
B). Thus, as reported previously (20, 21), MyD887/~ mice
showed greatly increased bacterial burdens in comparison to
WT animals, a difference that approached 2 logs by day 42 after
infection. In contrast, the single TLR27/~ and TLR9™/~ mice
showed only minor increases in mycobacterial loads at both
time points (Fig. 3 B), and it was only at day 100 affer infection
that these differences in CFUs reached statistical significance
{not depicted). Importandy, at day 21 after infecdon, TLR2/
97/~ animals displayed increases in pulmonary bacterial counts
equivalent to those observed in the MyD88™/ mice, and at day
42, the TLR2/97/~ animals still maintained significantly higher
CFUs when compared with WT or cach of the single TLR-
deficient mice, albeit lower than the bacterial counts in the
MyD88"/ animals (Fig. 3 B). Similar alterations in CFUs were
observed in the spleens from the same animals (not depicted).
Although single TLRY™/~ mice challenged with a low dose of
M. ruberenlosis failed to display significantly higher pathogen
loads than W'T animals at days 21 and 42, they exhibited statist-
cally significant increases in CFUs when challenged with the
higher dose (500 CFUs) inocula (Fig. 4 B), and this loss in resis-
tance correlated with diminished ex vivo 1IL-12p40 production
detected in lung homogenates (not depicted).
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Cooperztive effects of TLR2 and TLRIY on the pulmonary
histopathologic response to M. tuberculosis

To determine whether the increased susceptibility of
TLRY™ 7 and TLR2/97" mice is reflected in the tissue re-
sponse to M. wberadosis, we examined the lungs of the ani-
mals at day 42 after infection. As reported previously (20),
lungs from MyD887/" animals exhibited widespread necro-
sis with tew distinet granulomas (Fig. 5, B and G) and
showed marked inereases 1 acid-fast-stained bacilli (Fig. 5
L) when compared with WT mice (Fig. 5, A, F, and K).
Also in agreement with previous studies (28), lungs from in-
tected TLR2™/" mice showed increased inflaimmation with
exuberant polymorphonuclear infiltrates, interstitial pneu-
monitis, and general distuption of granuloma morphology
(Fig. 5. C, H, and M).

In contrast, lungs from TLRY™/~
jor difference in overall histopathology (Fig. 5, D and ) or
granuloma numbers (not depicted) when compared with
lungs from similar infected WT animals. And like lungs
from TLR277 ice, lungs from TER9™~ mice showed
only marginal increases in acid-fast—stained bacteria (Fig. 5,
K-Nj. However, a striking difference was seen in the lungs

mice showed no ma-

Figure 5. Lungs from TLR2/9 -/~ mice display exacerbated pulmo-
nary pathology and increased acid-fast bacilii. Formalin-fixed, paraffin-
embedded pulmonary tissue sections from day 42 infected mice were
stained with hematoxylin and eosin (A-J). Note the increased inflammation
in TLR2" 7~ and TLR2/9 /= lungs (A and E), with the more extreme pathology
in the latter group. Acid-fast bacilli in lung tissue were stained with the
Ziehl-Neelsen method {K-0). Representative sections from infected WT
(A, F and K}, MyD88 /- (B, G, and L), TLR2"/~ (C, H, and M), TLR9~/ (D, I,
and NJ, and TLR2/97/" (£, J, and O) mice are shown. Original magnification
is 5 (A-E), 20 (F-J), and 10 {K-0).
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of the day 42 infected TLR2/97'" animals in comparison
with either of the single TLR -deficient or WT mice. Sec-
tions from the former animals displayed widespread inflam-
mation (Fig. 5, E and J), even more extreme than that seen
in the TLR27/7 mice (Fig. 5, C and H) and closely resem-
bling that observed in the MyD88 '~ animals (Fig. 5, B
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Figure 6. Influence of TLR9 on the generation of IFN-y~producing

CD4* T cells and Th1-associated cytokines in M. tuberculosis-infected
mice. (A) Lung cells isolated from day 30 infected mice were stimulated with
anti-CD3 mAb, and intracellular IFN-y production was determined by flow
cytometry after gating lymphocyte populations by forward and side scatter
parameters. The FACS profiles of anti-CD4- and anti-CD8-stained lympho-
cytes in A are from pooled cells from two mice and are representative of
results from four animals per group. The majority (85-95%) of the IFN- plus
CD4~ cells shown in the dot plots in the top panel were determined to be
CD8™* T cells (unpubtished data). Based on its nonspecific staining with
multiple antibodies, the CD4 dim IFN-y* population in the lung preparations
from infected MyD88 KO mice is likely to represent dead cells, consistent with
their abundance in sections of the same tissue (Fig. 5, B and G). Percentage of
CD4+* and CD8™ T cells that stain positively for IFN-vy calculated from the
experiments shown in A. Relative expression of mRNAs for FN-~ {C} and
IL-12p40 (D) determined in lungs at 30 d after infection. Results are mean +
SE of measurements from three animals. (£) Purified splenic CD4* T cells
from the same mice described in A were cocultured with BMDCs infected
with different MOIs for 72 h. IFN-v was assayed by ELISA in culture superna-
tants. The means = SE of measurements from triplicate wells are pre-
sented. The experiment shown was performed twice with similar results.
%, significantly different values (P <C 0.05) between WT and KO cells.
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and G). Moreover, lungs from the TLR2/977" animals ex-
hibited focal necrosis, a process rarely seen in WT or single
TLR-dcficient mice but common in MyD88~/~ mice. In
addinon, numerous acid-fast bacilli were clearly evident in
lung tssue from the double TLR-deficient hosts (Fig. 5
O), consistent with the increased pulmonary CFUs observed
in these animals (Fig. 3 B).

In contrast to TLR2, TLR9 controls IFN-y production

by CD4+ T cells in M. tuberculosis-infected animals
Because IL-12-dependent IFN-v is a miajor mediator of re-
sistance to M. tuberailosis and our data indicated a major in-
fluence of TLRY on bacteria-induced 1L-12 production in
vitro (Fig. 1 D}, we asked whether defects in in vivo IFN-y
responses are also evident in TLR9 as well as in TLR2/97/~
mice. When measured at 30 d after infection by intracellular
cytokine staining after ex vivo anti-CD3 stimulation, ~40%
of pulmonary CD4* cells from WT animals were found to
secrete IFN-y, and this response was diminished by 60-70%
in the equivalent population from MyD887/~ mice (Fig.
6. A and B). Importantly, TLR9"/" and TLR2/97/" but
not TLR2-deficient mice showed significant reductions in
IFN-y* CD4" cells as well as in lung IFN—y and IL-12p40
mRNA expression, although the observed decreases were
less than those seen in MyD88/~ mice (Fig. 6, B-D). In
contrast, none of the KO mice showed deficiencies in
IFN-y~ CD8*cells (Fig. 6 B), and it is possible the retention
ot this cell population it the TLRY™/~ and TLR2/9~ contrib-
utes to their partial resistance. Measurement of changes in
IL-12p70 production was not possible because the het-
erodimer Is not present in sufficient quantity in sera or lung
homogenates to allow detection by ELISA.

To confirm that these differences reflect alterations in M.
tuberenlosis—specific Thl priming, we tested the recall re-
sponses of splenic CID4* T cells from day 30 infected mice
using 'BMDCs from WT mice that had been infected in
vitro with different doses of live mycobacteria as APCs. As
shown in Fig. 6 E, major defects in M. ruberculosis-specific
IFN-y responses were observed in the TLR9 /7, MyD88~/~,
and TLR2/97/" mice but not in the TLR27/~ animals.

DISCUSSION

The greatly enhanced susceptibility of MyD887/~ mice to M.
wberailosis is perhaps the strongest evidence for a role of TLR/
IL-1TR signaling in host resistance to this pathogen. Neverthe-
" less, in previous studies it has been difficult to assign this defect
to the role of any individual TLR/IL-1R family member. Be~
cause mice deficient in cach of the known TLRs have not yet
been systematically screened, the possibility remains that one
vet-to-be-investigated TLR. accounts for MyD88-dependent
resistance. An alternative explanation proposed by others (2,
46) as a general concept for TLR function is that multiple
TLRs act in concert in determining pathogen control. In this
study, we have identified a previously unrecognized TLR—~
ligand interaction that contributes to the innate and adaptive
mimune response to M. fuberculosis and provided clear-cut ev-
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idence for its cooperation with a second TLR signal in host
resistance to this bacterium.

Although mycobacterial DNA has long been linked to
the adjuvant properties of BCG as well as mycobacterial ex-
tracts (34-36), it is only with the recent discovery of immu-
nostimulatory CpG motifs (31) and their recognition by
TLRY (47) that the basis of this effect of mycobacteria on
the immune system has been properly appreciated. Never-
theless, the role of TLRY/DNA interaction on host resis-
tance to M. tuberarlosis or to other medically important
mycobacteria has never been systematically examined. The
findings presented here confirm that mycobacterial DNA
does indeed stimulate proinflammatory cytokine synthesis
through TLRY and further establish a role for this TLR in
the IL-12 and Th1 responses to live M. tuberculosis in vitro as
well as in vivo. Although these defects were associated with
only minor increases in pulmonary bacterial loads and de-
creases in host survival at low dose challenge, TLR9™/~
mice displayed markedly enhanced susceptibility when ex-
posed to higher dose bacterial inocula (Fig. 4) as described
previously for TLR2"/~ animals (23, 28). However, in di-
rect contrast to TLR27/~ mice, infected TLR9™/~ animals
did not show major alterations in granulomatous pathology
or in vitro TNF production by APCs. Thus, although
TLRY"/" and TLR2"/" mice show comparable changes in
resistance to M. tuberculosis infection at both low and high
dose infection, they exhibit distinct immune response defects
to this pathogen in vivo.

It is likely that TLR9 triggering by mycobacteria requires
bacterial uptake and phagolysosomal fusion, as drugs that in-
hibit these two processes dampened the TLR9-dependent
IL-12 response of APCs. Therefore, we hypothesize that M.
tuberculosis triggers TLR 9 by releasing DNA from either bac-
teria dying within phagolysosomes or through the uptake of
dead bacilli. An alternative possibility that cannot be ruled
out at presentis that mycobacteria possess TLRY ligands dis-
tinct from genomic bacterial DNA. A recently described
precedent is the stimulation of TLR9 by hemozoin pignient
from malaria (48).

Although TLRY alone had distinct but partial effects on
host resistance to M. tuberculosis, these were clearly enhanced
in mice doubly deficient in TLR9 and TLR2 as reflected in
both increased bacterial load and reduced mean survival. In
addition, DCs from TLR2/9 DKO mice showed greater im-
pairmient in their mycobacteria-induced 1L-12 responses than
did the equivalent populations from each of the single
TLR ™/~ animals. In cach of the above parameters, the ob-
served effects of the absence of TLR9 and TLR2 appeared to
be additive in the TLR2/9 DKO mice, although the pulmo-
nary pathology and bacterial burden in these animals as mea-
sured by both CFU and acid-fast bacilli in situ staining
showed evidence of synergy (Figs. 3 and 5, M~0). Never-
theless, in terms of the other parameters analyzed, the phe-
notype of the TLR2/9 DKO animals is more complex.
For example, redundancy was observed in the regulation of
IL-12p40 production by TLR2 and TLRY in BMDCs (Fig. 52
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A). Moreover, as discussed above, in several cases individual
mmmune deficiencies appeared to be linked to single TLRs.
For example, M. ruberculosis—induced TNF production ap-
pears to be controlled by TLR2 and recall IFN~y responses
by TLRY.

It has recently been proposed in several studies (46, 49)
that TLR signals synergize in the triggering of 1L-12 and
other Thi-promoting mediators by DCs. This hypothesis,
based largely on experiments examining the interactions of
multiple TLR ligands on DC responses, argues that the in-
duction and maintenance of an effective immune response
against microbes depends on the recognition of a “pathogen
code” by a combination of different TLRs. Our results par-
tally support this concept because some but not all of the M.
tuberculosis—induced TLR effects were synergistic in vivo.
Nevertheless, it 1s likely that specific combinations of TLRs
act in concert by instead stimulating distinct responses that
together are required for effective microbial control, a mech-
anism also requiring a pathogen code. This mechanism also
would depend on induction thresholds related to both the
dose and kinetics of infection.

Although our in vivo data reveal a major cooperative in-
teraction between TLRY and TLR2 in host resistance to
mycobacteria, this is clearly not the case for other TLR
combinations. Thus, TLR2/4"/~ mice have been found to
display unimpaired resistance to M. tuberculosis as well as
BCG infection (45, 50). Moreover, in a recent experiment,
we failed to observe increased susceptbility to M. wberculosis
in animals deficient in TIRAP, an adaptor molecule required
for MyD§8-dependent signaling by both TLR2 and TLR4,
relative to mice singly deficient in TLR2 (unpublished data).
It is of interest that both TLR2™/™ and TLR9™/" mice dis-
play clearly enhanced susceptibility to high dose M. ruberailo-
sis infection, a property that does not appear to be shared
by TLR47/~ animals (23). This observation suggests that
screening of different TLR/IL-1R—-deficient mice by high
dose challenge could be used as a strategy for detecting addi-
tional signaling receptors that cooperate with TLR2 and
TLRY in explaining the MyD88-dependent control of M.
tuberculosis infection. Having shown cooperation between
two TLR/IL-1R family members in host resistance to this
pathogen, the next obvious step is to determine whether
even greater effects on control of M. tuberculosis will be evident
mn mice with the appropriate triple receptor deficiency.

The findings of this study in the murine tuberculosis
mode] have several implications for the investigation of the
role of TLR/IL-1R in susceptibility of humans to mycobac-
terial infection and disease. The involvement of these recep-
tors has been suggested from genetic studies correlating sin-
gle nucleotide polymorphisims within the TLR2 gene, with
disease severity in patients infected with M. leprac (51) or
susceptibility to infection in populations exposed to M. tuber-
arlosis (52, 53). Our observations that TLRY also contributes
to host resistance to mycobacterial infecdon suggests that
polymorphisms in this gene (e.g., TLRY single nucleotide
polymorphisms at — 1,237 and —2,428; reference 54) should
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also be examined in the same type of genetic study and pre-
dicts that more extreme disease susceptibility will be seen in
patients with simultaneous mutations in both TLR2 and
TLRY. At a more general level, the evidence that different
TLRs cooperate in determining host resistance to infection
in murine experimental models supports the notion that
complex polygenic analyses involving the interaction of
multiple rather than single TLR. gene family alleles might be
required to reveal major functions for the TLR/IL-1R system
in innate immunity to human infectious diseases.

MATERIALS AND METHODS

Experimental animals. WT control C57BL/6 mice were purchased
from Taconic Farms. Breeding pairs of MyD88"/", TLR2 /", and
TLRY™/" mice were obtained from §. Akira {Osaka University, Osaka.
Japan) via D. Golenbock (University of Massachusetts Medical School,
Worcester, MA) and R. Seder (National Institures of Health [INIH], Be-
thesda, MD). The MyD88~'~ and TLR9™/~ mice had been backcrossed
to C57BL/6 for 10 generations, and the TLR 27" animals had been back-
crossed for five generations. TLR2/97""animals were generated by mat-
ing TLR2""" with TLRO-deficient animals. These F1 animals were then
intercrossed to derive homozygous TLR2/97/~ mice identified by PCR
of tail snips (unpublished data). Because of the known influence of 129/
Sv} genes in host resistance to intravenous M. tuberculosis infection (55)
and the finite although remote possibility that the relevant genes may have
been retained in the TLR2"/" parents of this cross, we compared the re-
sistance of C57BL/6 and B6/129F2 mice under the conditions of low
dose aerosol infection used. In agreement with studies by other investiga-
tors (56—59), we observed no significant differences in survival and bacte-
rial loads between the two mouse groups (unpublished data). Animals
were bred and maintained at an American Association of Laboratory Ani-
mal Care—accredited facility at the National Institute of Allergy and Infec-
tious Diseases [NIAID], NIH. Mice of both sexes between 8- and 14-wk
old were used in all experiments.

TLR agonists and other reagents. The synthetic lipoprotein Pam3Cys
(S-12,3-bis(palmitoyloxy)-(2-RS)-propyl}-N-palmitoyl-(R)-Cys-(S)-Ser-
Lys4-OH, trihydrochloride) was obtained from EMC Microcollections. Pep-
tideoglycan (Staphylococcus aureus), ultra~pure LPS (E. coli 0111:B4), endo-
toxin-free E. coli DNA (K12}, and CpG oligo IDNA (1826) were purchased
from Invivogen. Purified genomic DNA from M. tubercnlosis FI37Rv was
provided by J. Belisle (Colorado State University, Fort Collins, CO) under
the NIH, NIAID contract NO1 AI-75320 “Tuberculosis Research Materials
and Vaccine Testing.” Purified genomic DNA from Mycobacteriuns sp (BCG)
was purchased from American Type Culture Collection (no. 19015D).
Chlorequine and cytochalasin D were obtained from Sigma-Aldrich.

APCs and cell cultures. Splenic CD11c™ cells were obtained by incuba-
tion of splenic cell suspensions with anti-CI>171¢ MicroBeads (Miltenyi Bio-
tec) for 15 min at 4°C followed by a washing step in PBS/bovine serum al-
bumin and then sorted in an AutoMACS (isolation mode POSSEL_S;
Miltenyi Biotec). Analysis of the sorted cells showed purity >95%.
BMDCs were generated as onginally described elsewhere (60). In brief,
BM cells were removed from the femurs and tibias of mice and cultared in
RPMI 1640 (GIBCO BRL) supplemented with 2 mM l-glutamine, heat-
inactivated 10% FCS, 100 pwg/mi penicillin, 100 pg/mi streptomycin, 3 X
107*M 2-mercaptoethanol {complete media; all from Sigma-Aldrich). plus 20
ng/ml GM-CSF (GIBCQ BRIL). On days 3 and 6, complete media was added
containing 10 ng/ml GM-CSF. BMDCs were used at days 6=7 of culture.
BMM were generated as deseribed previously (61). In brief, BM cells
were washed and resuspended in DMEM conraining glucose, supplemented
with 2 mM L-glutamine, 10% FCS, 10 mM Hepes, 100 pg/ml streptomy-
cin, 100 U/ml penicillin {all from Sigma-Aldrich), and 20-30% 1929 cell-
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conditioned medium {s a source of M-CSF), and incubated for 7 d at
37°C, 5% CO2.

M. tuberenlosis infections. For in vitro exposure of APCs to M. mberardosis,
the virulent strain H37Rv was prepared from frozen stocks as described previ-
ously (62). In some experiments, mycobacteria were killed by heating at 60°C
for 1 h. DCs and BMM were exposed to difizrent muldplicities of infection
(MOIs) of mycobacteria or TLIR agonists in complete media for 18-24 h. In
one set of experiments, splenic 1DCs were first preincubated with 5 pg/ml
chloroquine or cytochalasin P for 30 min at 37°C. Cells were then exposed
to mycobacteria (MOI = 1) or 10 pg/ml LPS as a control. Supernatants were
then harvested, and ELISAs for [1.-12p40, TNF, and 1L-6 (IR&I) Systems) as
well as for [FN-a (PBL Biomedical Laboratories) were performed.

For in vivo mycobacterial infection, mice were infected as described
previously (58). In brief, animals were placed in a closed, nose-only aero-
solization system (CIH Technologies) and exposed for 15 min to nebulized
M. wmberculosis to deliver 50-100 bacteria/mouse (low dose inocula). In a
different set of experinients, mice were infected with ~300 bacteria/mouse
(high dose inocula). To assess mycobacterial load, lungs and spleens were
harvested at several times after infection, and tissue homogenates were di-
luted in PBS/Tween-20 and cultured on 7H11 agar plates as described
previousty (63). Colony counts were determined 21 d later.

Flow cytometry. Single cell suspensions from individual mice were im-
munostained as described previously (13). In brief, for intracellular detec-
tion of IFN-vy, rotal lung cells were stimulated with 10 pg/ml of plate-
bound anti-C3 at 37°C for 6 h. and brefeldin A was added during the last
2 h. Cells were then surface stained with mAb to CID4 (clone RM4-3) or
CD8 (clone 53-6.7), fixed, and permeabilized. Intracellular [FN-y was de-
tected with anti-IFN-y mAb (clone XM(G1.2). Data were collected using a
FACSCalibur (B> Immunocytometry Systems) with CELLQuest (BD Bio-
sciences) and analyzed with Flow]o software (Tree Star). All mAbs were
obtained from BI) Biosciences.

Measurement of cytokine gene expression in lung tissue. Total
RNA was isolated from lungs, and real-time RT-PCR was performed on
an ABI Prism 7900 sequence detection system (Applied Biosystems) using
SYBR Green PCR Master Mix (Applied Biosystems) after RT of 1 pg
RINA using Superscript {I reverse transcriptase (Invitrogen). The relative
level of gene expression was determined by the comparative threshold cycle
method as described by the manufacturer, whereby each sample was nor-
malized to hprt and expressed as a fold change compared with untreated
controls. The following primer pairs were used: for hprt: GTTGGTTA-
CAGGCCAGACTTTGTTG (forward) and GAGGGTAGGCTGGC-
CTATAGGCT  (reverse);,  il-12p40: CTCACATCTGCTGCTCCA-
CAAG (forward) and AATTTGGTGCTTCACACTTCAGG (reverse);
ifi-y: AGAGCCAGATTATCTCTTTCTACCTCAG
CTTTTTTCGCCTTGCTGCTG (reverse).

(forward) and

CDA4* T cell recall response assay. Spleen cells from M. ruberculosis—
infected WT, MyD88 ™ -, TLR2™/" TLRY"", and TLR2/9™'" mice were
imcubated with anti-C124 MicroBeads (Miltenyi Biotec) for 15 min at 4°C,
washed, and then sorted in the AutoMACS (Miltenyi Biotec). The purified
CD4Y T cells (10° celt/ml) were then cocultured with M. niberculosis—
infected BMIDCs (5 X 10° cells/ml) for 72 h. In parallel, 10 pg/ml of plate-
bound anti-CD3~ (clone 143-2C11; BID Biosciences) stimulated CD4" T
cells were cultured for 72 h as a positive control. TFN-y (R&1) Systeins)

levels in culture supernatants were then determined by ELISA.
Histopathology. Lungs were fixed by inflating the tissues with neutral
buffered formalin, sectioned, and then stained with hematoxylin and cosin
or by the Ziehl-Neelsen method to detect acid-fast mycobacteria,
Statistics. Student’s 1 test was used to determine the significance of differ-

ences between groups. Survival curves were generated using the Kaplan-
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Meier method, and the significance of differences was calculated by the log-
rank test. Values of P << 0.03 were considered statistically significant.

Online supplemental material. Fig. S1 demonstrates the TLRY depen-
dence of prointlammatory cytokine responses by APCs stimulated with my-
cobacterial IPNA. Fig. S2 denmoustrates a marked decrease in M. tuberculosis—
stimulated IL-12 but not TNF production by TLR2/9 7 BMDCs when
compared with the equivalent cell populations from single TLR ™" or W'T
animals. Fig. S3 shows that M. mberculosis—stimulated type 1 [FN (IFN-a)
production by IDCs does not require TLR2, TLR9, or MYID88 in contrast
with the TLR9/MyD)88 dependence of the same cytokine response stimu-
lated by mycobacterial DNA. Figs. $1-S3 are available at http://www.
jem.org/cgi/content/full/jem.20051782/DC1.
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Host control of Mycobacterium tuberculosis
s requlated by 5-lipoxygenase—dependent
lipoxin production
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Th1 type cytokine responses are critical in the control of Mycobacterium tuberculosis infection. Recent findings
indicate that §-lipoxygenase-dependent (5-LO~dependent) lipoxins regulate host IL-12 production in vivo.
Here, we establish lipoxins as key chemical mediators in resistance to M. tuberculosis infection. High levels of
lipoxin A4 (LXA,) were detected in sera from infected WT but not infected 5-LO-deficient mice. Moreover, lungs
from M. tuberculosis~infected 5-lo~ animals showed increased IL-12, IFN-y, and NO synthase 2 (NOS2) mRNA
levels compared with the same tissues in WT mice. Similarly, splenocyte recall responses were enhanced in
mycobacteria-infected 5-lo~~ versus WT mice. Importantly, bacterial burdens in 5-lo~- lungs were significantly
lower than those from WT mice, and this enhancement in the resistance of the 5-lo~~ animals to M. tuberculosis
was completely prevented by administration of a stable LXA, analog. Together our results demonstrate that
lipoxins negatively regulate protective Th1 responses against mycobacterial infection in vivo and suggest that
the inhibition of lipoxin biosynthesis could serve as a strategy for enhancing host resistance to M. tuberculosis.

Introduction
Thil-mediated immunity plays a crucial role in host defense
against Mycobacterium tuberculosis. Cytokines such as IL-12, IFN-y,
and TNF are essential for protection against this pathogen in the
mouse model (1-3). Additional evidence suggests that the same
cytokines are important resistance factors in the human immune
response against mycobacterial infection (4-7). In addition to the
- Th1 type response mounted over the course of infection, down-
regulatory mediators may be important players in controlling
excessive synthesis of proinflammatory cytokines and subsequent
rissue damage and could contribute to the promotion of bacte-
rial survival. Nevercheless, Th2 cytokines such as IL-4 and IL-13
have been described as playing no or only a limited role in in vivo
M. tuberculosis infection (8-10). Similarly, although in vitro IL-10
production is associated with reduced human disease (11), mice
deficient in this important downregulatory cytokine show nearly
normal control of M. ruberculosis infection (9, 10).

There is a growing body of evidence indicating thata class of lipox-
ygenase-derived cicosanoids known as lipoxins plays an important
role in the immunoregulation of inflammation-associated discase
(12). We have previously shown that lipoxin Ay (LXA4), a lipid media-
torderived locally from S-lipoxygenase (5-LO) biosynthetic pathways,
acts in vitro as a negative regulator of DCIL-12 production triggered
by the intracellular protozoan parasite Toxoplasma gondii (13). Anin
vivo role for this pathway in host resistance to the same pathogen

Nonstandard abbreviations used: LTB,, feukotriene B.; 5-LO, 5-lipoxyyenase; LXA,,
lipoxin Ay NOSZ, NO synthase 2.
Contlict of interest: The authors have declared rhat no conflict of inrerese exists.

Citation for this article: J. Clin Turest, 115:1601-1606 (2003).
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was suggested by the observation that T. gondii-infected 5-LO-defi-
cient mice succumb as a result of exacerbared proinflammatory
responses despite diminished parasite numbers (14).

In the present report, we asked whether 5-LO-dependent mecha-
nisms, and in particular those mediated by lipoxins, also play a
role in regulating host resistance to M. tuberculosis. To do so, we
examined the course of infection- and pathogen-induced cellu-
lar immune responses in 5-LO-deficient mice exposed to myco-
bacteria by aerosol exposure. Our results reveal a major role for
5-LO-dependent lipoxin synthesis in the immune modulation of
M. tuberculosis infection in vivo and suggest that this pathway may
be a potential target for therapeutic inrervention in tuberculosis.

Results

M. tuberculosis—infected mice produce LXA4 in a 5-LO-dependent man-
ner. To assess whether 5-LO plays a role in M. ruberculosis infection
in vivo, we first measured its products leukotriene By (LTB4) and
LXA,insera from B6, 129S F2/J mice at different time points after
aerosol infection (300 CFU/animal). As shown in Figure 1, these
cicosanoids were detected at high levels as carly as 1 week after
M. tuberculosis infection. LXA4, but not LTBy, synthesis was main-
tained during chronic infection. Importantly, neither eicosanoid
was derected above background levels in M. tubercrlosis-infecred
5-lo~/~ animals, which confirmed the dependence of LTB, and LXA4
on 5-LO in vivo (Figure 1, A and B). To address the issue of which
cell population is responsible for 5-LO acrivity, we performed
immunostaining for the enzyme in lung sections of M. tuberculosis—
infected WT mice. 5-LO-positive staining was fourd to colocalize
with endothelium (Figure 1C} and F4/80" cells (Figure 1D). Taken
rogether, these results indicate that LTBs and LXA, are strongly
induced during M. tbercrlosis infection in vivo and suggest that
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endorthelial cells and macrophages provide the source of the 5-LO
required for the synthesis of these eicosanoids.

S-LO~deficient mice display enbanced control of M. tuberculosis infec-
tion. To 1nvestigate the role of 5-LO in M. tuberculosis infection in
vivo, we assessed bacterial burdens and tissue histopathology in
S-lo/ and control animals. Lungs from 5-lo~~ mice displayed sig-
nificant reductions in mycobacterial load at both 21 and 42 days
after infection when compared with similarly infected WT control
animals (Figure 2, A and B). Similar reductions in bacterial counts
were observed in spleens from the same animals (data not shown).
Acid-fast staining confirmed that fewer mycobacteria were present
in the lungs of 5-LO-deficient mice compared wich B6, 1295 F2/]
control mice (Figure 2, C and D, respectively). In addition, lungs
from 5-LO-deficient mice infected for 50 days wicth M. tuberculo-
sis showed dramatically reduced tissue inflammation compared
with lungs from infected WT animals. Consistent with cheir high
mycobacterial burden 50 days after infection, lungs from WT mice
exhibited severe, widespread alveolitis and interstitial pneumonitis
as well as areas of necrosis (Figure 3, A and B). In contrast, lungs
from similarly infected 5-lo”/" mice displayed much less inflamma-
tion and lirtle evidence of tissue necrosis (Figure 3, C and D).

Consistent with their reduced bacterial load, 5-lo~/- mice infected
with 300 CFU/mouse displayed enhanced survival compared with
similarly infected B6, 1295 F2/J mice (Figure 2E). In these experi-
ments, WT mice succumbed to aerogenic M. tuberculosis infection
more rapidly than has been reported previously in mice of this

Figure 2

Increased resistance of 5-LO-deficient mice to M. tuberculosis infec-
tion. Lungs from WT (black bars) and 5-fo- (gray bars) mice were har-
vested at several time points after infection with an average of 300 (&)
or 50 (B) CFU/mouse and mycobacterial burdens determined. Results
are mean + SE of measurements from 4 animals. *P < 0.05. Represen-
tative acid-fast bacilli-stained sections from lungs of 50-day—infected
WT (€) and 5-Jo7~ (13) mice (300 CFU/animaly illustrate the reduction in
acid-fast bacilli (red staining) in the KO animals. Original magnification,
%53, (E) WT B6, 1288 F2/J (filled symbols) and 5-LO-deficient (open
symbols) animals were asrogenically infected with an average of 300
CFU/mouse (high dose [HiD]; squares) or with 50 CFU/mouse (low
dose [LoDyJ; circles) (n = 10 animals per gioup) and survival monitored.
The results shown are represeniative of 2 independent experiments
performed at each dose.

Figure 1

5-1 O~dependent LXA, and LTB, production and 5-LO expression dur-
ing M. tuberculosis infection. WT (B6, 129J F2; filled squares) and
5-L O—deficient (B6, 1294 Alox-5; open circles) animals were infected by
aerosol exposure with an average of 300 CFU/mouse of M. tuberculo-
sis H37Rv and LXA, (A) and LTB, (B) assessed by ELISA in serum at
8, 21 and 42 days after infection. Results are mean + SE of measure-
ments from 5 animals. *P < 0.05 between experimental groups. Results
shown are representative of 2 independent experiments. (C and DY WT
lung sections were stained with anti-5-LO (red) and costained with anti-
F4/80 (green), followed by counterstaining with DAP! (blue). (C) 5-LO*
endothelium. (D) Several F4/80+5-LO+ cells infiltrating pulmonary tissue
during M. tuberculosis infection. Original magnification, x63.

genetic strain. We reasoned that this was likely a result of the fact
that the inoculum (300 CFU) was larger than that (50 CFU) used
in prior studies (15). Although the extended survival of 5-lo/- mice
infected at high dose argues for their enhanced resistance, we also
examined mortality at the more conventional low infectious dose
(50 CFU/mouse). In this setting, both 5-LO-deficient and control
mice survived at similar rates until 300 days after infection (Figure
2E). Nevertheless, a highly significant reduction in bacterial bur-
den similar to that observed at the higher dose of infection was
evident in the lungs of these animals at days 21 and 42 (Figure 2D).
Taken together, these results demonstrate that 5-LO promotes
both mycobacterial growth and host susceptibility to infection.
5-LO-deficient mice infected with M. tuberculosis show increased expres-
sion of proinflammatory mediators. To determine whether the absence
of 5-LO affects the proinflammarory responses induced by myco-
bacteria, we studied the time course of expression of the genes
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encoding IL-12, IFN-y, TNF, and NO synthase 2 (NOS2) in the
lungs of M. tuberculosis-infected animals. Levels of both IL-12p40
and IFN-y mRNA were found to be significantly elevated in infected
S-lo/~ mice compared with their WT counterparts (Figure 4, A and
D), consistent with their diminished mycobacterial burdens. Despite
the marked differences in pulmonary histopathology (Figure 3, A
and B versus C and D), the levels of TNF expression in lungs did
not differ significantly between infected 5-lo- and WT mice (Figure
4E). Importantly, expression of the gene encoding NOS2, an enzyme
required for host resistance to M. tuberculosis in mice (16), was found
to be dramatically elevated in the absence of 5-LO atboth 21 and 42
days after infection (Figure 4B). Nevertheless, no differences in IL-10
expression were observed in the lungs of 5-lo/

versus control animals at the time intervals

Figure 3

Decreased inflammation in lungs of M. tuberculosis—infected 5-LO—
deficient mice. Representative H&E-stained sections of lungs from
50-day—infected (300 CFU inoculum) BG, 1288 F2/J contro! (& and B)
and 5-L.O—deficient (C and D)} animals. Note the reduction in inflamma-
tory infiltration and greatly increased alveolar space in 5-/o~- animals
(C and D). Original magnification, x5 (& and C) and x40 (B and D).

quency of CD11¢'IL-12p40° cells was found infiltrating the lungs
of 5-LO-deficient mice (Figure 5D and Table 1). However, not all of
IL-12p40 staining was associated with CD11c* cells (green), which
suggests that 5-LO regulates IL-12 expression in both DCs and
other leukocytes in the tissue infiltrares. In contrast, the expression
of TNF and NOS2 was found to be restricted to the F4/80° (macro-
phage) cell population, and although TNF expression was similar in
the 2 animal groups (Figures 5, B and E and Table 1), the frequency
of NOS2'F4/80" cells was dramatically enhanced in the lungs of the
infected 5-LO-deficient mice (Figures 5, C and F and Table 1). These
findings both agree and contrast with our previous observations
on cell-associated cytokine and NOS2 expression during T. gondii
infection in 5-LO-deficient mice (14). In that study, we observed
enhanced IL-12 production by both CD11¢* and CD11c cells in
brain tissue of infected 5-LO-deficient mice bur failed to detect sig-
nificant changes in NOS2 as reported here.

Treatment with an LXA4 amzlog reverses resistance in M. tuberculosis—
infected 5-LO-deficient mice. 5-LO is involved in the biosynthesis of
several eicosanoids, including LXA,, that are known to mediate [ocal
control of inflammation. Therefore, it was critical to formally estab-
lish whether the enhanced protection against M. tuberculosis infec-
tion, elevated level of type 1 cytokines, and lower mycobacterial bur-

examined (data not shown). To confirm this A < 4007 T D 507 *
gene expression data, we assayed IL-12p40 2 = 5-lo* " _5 _ 4pd
. . ® B 300 e
and TNF protein levels in lung homogenates == g £
from the same infected animals at day 21 > § 200- . 28 7
after infection. As shown in Figf_u'c 4 CandF, s ?— g 20
S-lo”/- mice displayed significantly increased @ g 1004 e
levels of IL-12p40 but not TNF. In addition, - _ -
immunostaining of lung secrions was per- - 0- - -
formed in an attempt to identify the cellular Unint. 8 21 42 Uninf. 8 2 4
source of the increased proinflammatory B 500 > E 75+
cytokine. Few CD11¢* cells were found to 5 T - =
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days after M. tuberculosis infection. To further E’ % -
confirm these observations, we prepared lung o 200- £ 5004
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den in 5-LO-KO mice are indeed related to the absence of lipoxin
generation during infection. To address this issue, we administered
astable lipoxin analog, ATLa2, to both WT controls and 5-LO-defi-
cient mice during the first 21 days after infection. This eicosanoid
analog, created by design modification of the w end of LXA4, was
shown to have increased half-life in vivo and to inhibit inflamma-
tion in several disease models (17-19). As shown in Figure 6, A and
B, ATLa2 treatment abrogated the enhanced control of bacterial
growth in both lungs and spleens of 5-LO-deficient mice. No altera-
tion of in vivo resistance was noted in M. tuberculosis-infected WT
controls treated with the LXA4 analog at this dose. These findings
suggest that the levels of endogenous lipoxin present in the infected
5-LO-competent mice are already optimal and that additional lipox-
in does not alter the host response to M. tuberculosis infection. When
examined at 21 days after infection, the M. tuberculosis-infected
5-lo/~ mice treated with the LXA,4 analog displayed a weakened Th1
response, as evidenced by reduced IFN-y production by splenocytes
restimulated ex vivo with M. tuberculosis antigen (Figure 6C) but
unaltered TNF levels (Figure 6D). Importantly, ATLa2 had no direct
effects on mycobacterial proliferation in vitro, which argues against
the possibility that the in vivo activity of this eicosanoid is due to a
direct antibiotic effect (data not shown).

Discussion

Proinflammatory cytokines such asIL-12
play critical roles in the induction of
host resistance to M. tuberculosis as well
as other intracellular pathogens. These
responses must be carefully regulat-
ed to avoid host tissue damage. The

Table 1

Figure 5

Lung-infiltrating DCs and macrophages express high levels of IL-12
and NOS2 in 5-LO—deficient hosts infected with M. tuberculosis. Fro-
zen sections of lungs from infected (300 CFU inoculum) WT (A, B,
and C) and 5-/o7- (D, E, and F) mice were double stained with anti-
CD11c (A and D) or anti-F4/80 (B, C, E, and F) (green) and with anti—
IL-12p40 (A and D), anti-TNF (B and E), or anti-NOS2 (C and F) (red),
then counterstained with DAPI (blue). Note the presence of many more
CD11ctIL-12p40+ cells and F4/80*NOS2+ cells in the tissue sections
from 5-lo-- animals. The asterisk in A indicates the presence of mul-
tinucleated cells at the center of a granuloma. Representative micro-
graphs (magnification, x63) from 4 animals per group are shown.

to have only limited effects in controlling M. tuberculosis replication
during infection in animal models (8, 20). In the present study, we
report evidence for the role of a novel pathway involved in damp-
ening M. tuberculosis-driven proinflammatory immune responses
and regulating bacterial growth that involves the 5-LO-dependent
production of lipoxins.

Lipoxins such as LXA4 are biosynthesized by different cell types,
including leukocytes, endothelial cells, and platelets by means of tran-
scellular pathways (21). Recently, LXA4 was shown to have downreg-
ulatory actions on several proinflammatory mechanisms including
NK cell cytotoxicity (22), leukocyte responses to proinflammatory
cytokines (23), and microbial stimulation (14) as well as migration
of both neutrophils (18) and eosinophils (24). Interestingly, stimu-
lation of mucosal epithelial cells with lipoxin analogs induced the
expression of a bactericidal/permeability-increasing protein, which
exhibits antimicrobial activities and enables epithelial cells to engage
in active microbial host defense (25, 26).

LXA, dramatically reduces T. gondii-induced IL-12 produc-
tion by DCs in vitro and by DCs as well as other cells in vivo (13,
14), which indicates a role for LXA, in preventing uncontrolled
proinflammatory responses. T. gondii triggered high levels of LXA4
(~100 ng/ml) in sera of WT mice, while infected 5-LO-deficient
mice produced elevated amounts of IL-12p40. Interestingly, it was
recently shown that T gondii synthesizes its own LO that may play
arole in increasing local concentrations of LXA4 (27). In the pres-
ent report, using an aerosol model of infection with M. tuberculo-
sis, we also detected the induction of high levels of LXA, as well
as the leukotriene LTB, in the sera of WT mice. However, LXA,
and LTB, were induced with different kinetics, and only LXA,
persisted at high levels during chronic infection. Furthermore, we
observed high levels of expression of 5-LO in lung endothelium
and macrophages during infection. The latter results suggest that
these cell populations participate in lipoxin generation in vivo
and may be specifically involved in regulating local inflammatory
responses during chronic experimental tuberculosis.

Higher frequency of CD11c+IL-12p40+ and F4/80+NQS2+ cells in lung sections from M. tuber-
culosis-infected 5-LO-deficient versus WT animals?

an[iinﬂan’llng_Lo[‘y Cytokincs IL-10 and Group CD11c’IL-12p4U+ CD11G_IL'1ZF4U* NOS2+ F4/80+TNF+ F4/80-TNF+
TGF-f have been implicated as key WT 39 +6.11 2866+6.4  101+19.05 16.33+4.8 157 +15.77
5-lo" 100.16 + 6.638 39.5+4.81 182.66+13.968 15.33+1.01 135.66 + 16.44

protein mediators that prevent excess
IL-12, TNF-0, and IFN-y production in
intracellular infections. Nevertheless,
these downregulatory cytokines appear

AMicroscopic quantitation of fluorochrome-positive cells was performed on the lung sections described
in Figure 5. Results are expressed as the number of positive cells per field + SEM determined from 10
observation fields per slide and 3 slides per mouse (3 animals/group). 8P < 0.05 vs. WT.
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in vivo administration of a stable analog of LXA, in M. tuberculosis—~
infected mice. WT or 5-fo~- mice were infected by aerosol exposure
with M. tuberculosis (300 CFU inoculum} and treated 3 times a week
by gavage from days 2 to 20 with vehicle or ATLa2 at 100 ng/ani-
mal/treatment. Mice were sacrificed, and mycobacterial burdens were
assessed in lungs (A) and spleens (B), 21 days after infection. Spleen
cell cultures from the same animals were restimulated with purified
protein derivative, and 72 hours later, IFN-y (C) and TNF (D) levels
were measured in supernatants by ELISA. Results are the mean = SD
from 5 animals per group. *P < 0.05 between groups.

Whereas T. gondii~exposed 5-lo~~ mice succumbed rapidly to
infection, the reduced lipoxin generation in $-lo/- mice infected
with M. tuberculosis was associated with enhanced survival at high-
dose acrosol challenge, although chere were no apparent differenc-
es i mortality at the lower inoculum infections. These contrasting
outcomes of the 2 infection models may stem from differences in
the intrinsic virulence and immune-stimulatory properties of the
pathogens in question. T. gondii is a highly virulent and fast-rep-
licaring microorganism that requires the induction of a potent
immune response to protect the host and produce chronic per-
sistent infections necessary for promoting its transmission.
M. tuberculosis, while also inducing latent infections, replicates slow-
ly and, arleast in the mouse model, induces a weaker Thi response
cthan does T. gondii. Hence, in the absence of lipoxin-mediated
counterregulation, the ensuing cellular responses are enhanced,
rriggering immunopathology and mortality in T, gondii infection,
whereas in M. tuberculosis infection, chis enhancement results in
mcreased control of bacterial replication. The observed restriction
in mycobacterial growth does not appear to be complete, howey-
er, since high-dose M. tuberculosis-infected 5-lo7~ mice eventually
began to succumb ar 150 days after infection, and chis mortality is
associated with an approximate log increase in mycobacterial load
compared with carlier time points (¢.g., day 42) {data not shown).
Whether the late death of the infected S-LO- deficient animals is
due solely to increased bacterial burden remains unclear.

Since 5-LO is required for both leukotriene and lipoxin biosyn-
thesis, reconstitution experiments were performed to more directly
assess the role of the latter group of cicosanoids in the regulation
of mycobacterial growth in vive. Imporcantly, administration of

the stable lipoxin analog ATLa2 to M. tuberculosis-infecred S-lo™~
mice, restored both pulmonary mycobacterial loads and IFN-y
production by purified protein derivative-stimulated splenocytes
to levels comparable to those observed in infected WT animals.
Although this observation does not rule out the possible parrici-
pation of other 5-LO-dependent mediators, it demonstrates that
adeficiency in lipoxins is sufficient to explain the effects on bacte-
rial growth and host response seen in the infected 5-LO-deficient
animals. ATLa2 treatment has previously been shown to reduce
inflammatory cell infilcration in a number of different disease
models (17-19). Although this subject is not directly addressed in
the presentarticle, it is probable thar the observed effects of ATLa2
reconstitution in our experiments result from decreased effector
cell recruitment into infecred lung.

In summary, our findings demonstrate the existence of a novel
pathway involved in controlling proinflammatory and Th1 immune
responses against M. tubercalosis infection in vivo via the generation
of 5-LO-dependent lipoxin formation. These observations suggest
that the regulation of lipexin biosynthesis merits further inves-
tigation as a potential immunopharmacologic intervention for
enhancing the control of mycobacterial replication in tuberculosis
patients. In this regard, it should be noted that 5-LO inhibitors are
already in clinical trial for asthma, and therefore it may be possible
to rapidly design and implement a study testing the efficacy of this
strategy for intervention in tuberculosis (28-30).

Methods

Mice. WT controls (B6, 1298 F2/J) and 5-LO-deficient (B6, 1295 Alox-5,
F2/]) mice were obtained from The Jackson Laboratory and were bred and
maintained in an NIAID Association for the Assessment and Accreditation
of Laboratory Animal Care-accredited animal facility. Female animals $-8
weeks old were used in all experiments. All experiments were approved by
che NIAID Institutional Animal Care and Use Commuittee.

M. tuberculosis infection. The M. tubercnlosis H37Rv strain was passaged
through mice, grown in culture once, and frozen in aliquots. Prior to infec-
tion, an aliquot was thawed, diluted in PBS, and briefly sonicared in a cup-
horn sonicator. Mice were placed in a closed, nose-only aerosolization system
(CH Technologies) and exposed for 15 minutes to nebulized M. eubercudosis.
Two different bacterial doses were employed: 50 and 300 CFU per mouse. To
assess mycobacterial load, we harvested lungs and spleens at different times
after infection, and tssue homogenates were dituted in buffered saline and
cultured on 7H 11 agar plates. Colony counts were determined 21 days lacer.

Histopathology. Lung and spleen tissues were harvested, fixed with neu-
tral buffered formalin, and paraffin embedded. Serial sections were stained
with H&E for histopathologic analysis or with Kinyoun’s acid fast stain for
in situ detection of mycobacteria.

Eicosanoid and cytokine determinations. Serum levels of eicosanoids and
cytokines were measured using commercial ELISA kits obrained from
Neogen Corp. (LXAs), Cayman Chemical Co. (LTB), and R&D Systems,
(TL-12p40, TNF, IFN-y). For cytokine detection in lungs, tissue was homog-
enized and centrifuged at 300 ¢ for 7 minutes. Supernatants aliquots were
frozen at-80°C for later analysis by ELISA. .

Measurement of gene expression in lung. Total RNA was isolated from lungs and
real-time RT-PCR was performed on an ABI Prism 7900 sequence detection
system (Applied Biosystems) using SYBR Green PCR Master Mix (Applied
Biosystems) after reverse transcription of 1 ug RNA using Superscripe 11
reverse transcriptase {Invicrogen Corp.). The relative level of wene expression
was determined by the compararive Cr method as described by the manu-
facturer, whereby dara for each sample were normalized ro hypoxanthine
phospho-ribosyl-transterase (hprey and expressed as a fold change compared
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with untreated controls. The following primer pairs were used: tor hpre,
GTTGGTTACAGGCCAGACTTTGTTG (forward) and GAGGGTAGGCT-
GGCCTATAGGCT (reverse); d-12p40, CTCACATCTGCTGCTCCACAAG
(forward) and ANTTTGGTGCTTCACACTTCAGG (reverse); ifn-y, AGAGC-
CAGATTATCTCTTTCTACCTCAG {forward) and CTTTTTTCGCCTTGCT-
GCTG (reverse); nos2, TGCCCCTTCAATGGTTGGTA (forward) and ACTG-
GAGGGACCAGCCAAAT (reverse). inf, ANMATTCGAGTGACAAGCCTGTAG
(forward) and CCCTTGAAGAGAACCTGGGAGTAG (reverse).

Insitw staining, In situ immunostaining of CD 11, F4/80, 5-LO, IL-12p4Q,
TNF, and NOS2 was performed as previously described (14). In brief, ace-
rone-fixed, frozen sections were incubared with biotin-conjugaced anti-
bodies against CID11c or F4/80 (BD). After washing, sections were exposed
to strepravidin-conjugared Alexa Fluor 486 (Invitrogen Corp.). Sections
were simultancously double stained with rabbit anti-1L-12p40, anti-TNF,
anco-5-LO, or anu-NOS2 pAb, and the reaction was developed with anti-
rabbit IgG Alexa Fluor §94 (Invitrogen Corp.), followed by counterstaining
with DAPT (Invitrogen Corp.). After washing, the sections were examined
microscopically, and the images were recorded using the ApoTome system
(Carl Zeiss Microimaging, Inc.).

In vivo lipoxin analog treatment. ATLa2, 15-epi-16-phenoxy-parafluoro-
LXA+methyl ester {a generous gift from J. Parkinson, Berlex Biosciences,
Richmond, California, USA), was used in vivo as a stable lipoxin analog as
previously reported (18). It was administered by gavage 3 times a week at
a dose of 0.2 m[ (100 ng/animal/trearment) as previously described (19).
Treatment was started 2 days after infection and continued untif day 20.

Similarly infected control mice were likewise treated wich vehicle alone.

Spleen cell cultures. Spleens from M. tuberculosis-infecred mice were
disaggregated cthrough 40-um cell strainers, and red blood cells were
lysed osmotically. Splenocytes (5 x 109 cells/ml) in RPMI 1640 medium
(Invitrogen Corp.) supplemented with 10% fecal calf serum (HyClone),
10 mM HEPES (Invitrogen Corp.), 2 mM glutamine (Invitrogen Corp.),
100 U/ml penicillin, 100 g/ml strepromycin (Invitrogen Corp.), and
3.5 x 10°% M 2-mercaptoethanol (Invitrogen Corp.) were distributed in
96-well plates and stimulared with 10 ug/ml of purified protein derivative
(Statens Serum Institue). After 72 hours at 37°C with 5% CO; atmosphere,
supernatants were collected for determination of TEN-y levels.

Statistical analysis, Statistical significance was assessed by unpaired Stu-
dent’s ¢ test (parametric) or Mann-Whitney U test (nonparametric), and

P < 0.03 was considered significant.
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Abstract

Lipoxins play a key role in controlling potent pro-inflammatory responses triggered by infection with pathogens, such as
Toxoplasma gondii and Mycobacterium tuberculosis. In order to contain microbial dissemination, infected hosts must mount a
powerful immune response to prevent mortality. The onset of the chronic phase of infection is characterized by continuous cell-
mediated immunity. Such potent responses are kept under tight control by a class of anti-inflammatory eicosanoids, the lipoxins.
Here, we review such immune-containment strategies from the host’s perspective, to keep pro-inflammatory responses under control
during chronic disease, as well as from the perspective of the pathogen, which pirates the host’s lipoxygenase machinery to its own

advantage as a probable immune-cscape mechanism,
© 2005 Published by Elsevier Ltd.

1. Introduction

Toxoplasma gondii, a protozoan parasite, can invade
and replicate within virtually any nucleated host cell.
Infection occurs by ingestion of parasite cyst-contami-

nated food or water; cysts rupture within the host and’

the released parasites actively enter host cells [1],
including resident macrophages and dendritic cells
(DCs). Once intracellular, the parasites (tachyzoites)
quickly replicate. Although definitive evidence is still
required, it is proposed that circulating infected host
cells (probably macrophages or DCs) might mediate
spread of the parasite to several organs, including the
liver. One current hypothesis proposes that the acute
phase of infection resolves when the remaining fast-
replicating parasites switch, probably as a response to
immune attack, to a slow replicating form known as
bradyzoites and seclude themselves in cysts in certain
tissues, such as the central nervous system (CNS) and
the retina (known as chronic or persistent infection) [2].
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The main pathology during 7. gondii infection occurs
during g:5hronic disease, when immune suppression
caused Dy drugs or other infections, such as HIV, can
lead to reversion from bradyzoites back to the fast
replicating tachyzoites, which rupture cysts causing local
tissue necrosis. When such a reaction occurs in the CNS,
it is often lethal. Furthermore, during the early years
of the AIDS epidemic, T. gondii infection was one
of the main illnesses affecting immunocompromised
patients [3].

From an evolutionary perspective, the ultimate goal
of an intracellular parasite is to achieve successful
transmission to a new host; in the case of 7. gondii, this
means to proliferate while promoting host survival. As
its main route of transmission is through predation (i.e.,
cats preying on mice), 7. gondii needs to ensure that the
host carries as many parasites as possible but is still a
viable prey. To achieve this, the parasite has evolved
several mechanisms to induce a powerful immune
response by the host, which prevents host death.
However, the pathogen also has mechanisms to subvert
the immune response and enable it to persist through the
chronic phase of the discase, which can last for many
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years [4]. Here, we discuss the immune response
triggered by T. gondii and how hosts and pathogens
make use of immune-regulatory pathways to promote
host survival, which increases the probability of parasite
transmission. We also suggest that this concept of the
evolutionary advantage of favoring host survival can be
extended to other infectious diseases, such as Mycobac-
terium tuberculosis and Pseudomonas aeruginosa.

2. Preventing immunopathology due to uncontrolied
immune responses

The effects of [FN-y-dependent immunity and related
pro-inflammatory responses are potentially extremely
toxic to the host. For example, during inflammatory
diseases such as arthritis or Crohns’ disease, sustained or
uncontrolled type 1 cytokine responses can cause serious
damage. To prevent such damage, several host factors
and receptors have evolved to contain potentially host-
damaging responses. The presence of such control
mechanisms is absolutely essential for the homeostasis
of the immune response. This complex network of anti-
inflammatory mechanisms, given its effectiveness, has
been seized by pathogens and used to their own benefit
to prevent parasite eradication.

IL-10 is a good example of how a soluble factor is
used by pathogens to inhibit immune responses. Some
viruses, such as EBV, encode a viral homologue of IL-10
that can trigger the same signaling cascade as the
mammalian cytokine [5]. The resulting effects are mainly
immune modulatory, with inactivation of IFN-y-trig-
gered microbicidal pathways, inhibition of antigen
processing and presentation by antigen-presenting cells,
and inhibition of T-cell cytokine production and
cytotoxic activity [6]. Other viruses, with Poxviruses
being the most thoroughly investigated so far, carry
genes that encode 1L-10 receptor homologues; therefore,
cells expressing such receptors become refractory to
signals through the IFN-y receptor that induce cyto-
toxicity or any other anti-viral effect [7]. IL-10 gene
transfer has been shown to have anti-inflammatory
actions in various pathologies associated with increased
IFN-y, IL-1 or TNF production [8,9]. In accordance, it
has been shown that neutralization of 1L-10 during
chronic toxoplasmic encephalitis leads to increased
leukocyte infiltration in the CNS, indicating a role for
this cytokine in controlling CNS inflammation {10]. IL-
10-deficient mice have no control over inflammatory
responses and succumb to 7. gondii infection early in the
acute phase, with severe lcukocyte infiltration and tissue
necrosis in the liver and small intestines, mostly due to
uncontrolled IFN-y and TNF production [11,12]. Given
its immunc modulatory activities, it was hypothesized
that IL-10 induction by the pathogen could be used to
escape from host immune responses during 7. gondii

infection, therefore contributing to virulence of this
parasite. One line of thought argues that IL-10 is not
directly related to the factors that contribute to T gondii
virulence, and that IL-10 over-production has no role in
the mechanisms that drive T. gondii persistence [9].
Regardless, other mechanisms of modulation of immune
responses by the parasite are essential to allow survival
of the host long enough for transmission and, ultimately
for parasite survival as a species.

Given the potential damage if immune responses are
left uncontrolled, it is likely that more than one
modulatory pathway will have evolved. Evidence for
another anti-inflammatory mechanism operating during
T. gondii infection has been provided by a phenomenon
known as “DC paralysis”, in which protection against
T. gondii infection was conferred to IL-10-deficient mice
by injection with STAg 24 h before T. gondii challenge,
which downregulated IL-12 production and CCRS
expression by DCs [13]. STAg injection triggered
endogenous production of an eicosanoid known as
lipoxin A4 (LXAy), which was found to inhibit STAg-
induced DC migration and IL-12 production in vivo and
in vitro [14]. Lipoxins have been show to have potent
anti-inflammatory properties in a growing list of models,
including periodontitis, arthritis, nephritis and inflam-
matory bowel disease [15-18)]. To mediate their actions,
these agents bind to two main receptors—a seven-
transmembrane G-protein coupled receptor, LXAR/
FPRI-1 [19], and a nuclear receptor, AhR [20]. Mice
over-expressing human LXAR have shorter and less
severe inflammatory responses, indicating that this
receptor is mediating some, if not all, of the anti-
inflammatory actions of lipoxins in vivo {21]. However,
despite intense investigation, the contribution given by
each receptor (membrane vs nuclear) involved in the
triggering of lipoxin-derived anti-inflammatory re-
sponses 1s unclear. There is growing evidence of a role
for suppressors of cytokine signaling (SOCS) molecules
in the induction of the anti-inflammatory effects seen
after lipoxin exposure [22]. The SOCS-family proteins,
(e.g.SOCS-1, -2 and -3) are thought to mediate their
actions by docking to the intracellular domains of
cytokine or hormone receptors, thereby preventing
binding and activation of downstream signaling ele-
ments [23]. Alternatively, these proteins might facilitate
proteasome-dependent degradation of transcription
factors through the induction of ubiquitylation [23,24].
So far, littie is known about the molecular basis for
lipoxin-induced SOCS expression and the control of
pro-inflammatory responses, and this requires further
study.

Lipoxin biosynthesis can occur through several
complex trans-cellular pathways and therc is unlikely
to be only one cellular source. Other classes of anti-
inflammatory mediators, such as those derived from
DHA, also scem to depend on 5-LO-like activity [23] or
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aspirin-induced acetylated COX-2 activities [26]. Like
lipoxins, resolvins had been found to possess several
anti-inflammatory actions [26,27]. LXA4 production
seen after STAg injection was completely abolished in
the abscnce of 5-lipoxygenase, indicating that the
biosynthetic pathways involving this enzyme were
crucial in this experimental setting for the production
of LXA, [28]. 5-lipoxygenase is produced as a pro-
peptide that is activated by cleavage. Low levels of
active 5-lipoxygenase are found in different cell types,
including macrophages, platelets, DCs, and neutrophils
[29]. The expression of a 5-lipoxygenase-activating
protein (FLAP) seems to be the key signal for induction
of 5-lipoxygenase activity. Although, it is not completely
clear which cells are the source of lipoxygenase activity
in vivo during 7. gondii infection, it is evident that 3-
lipoxygenase is required for biosynthesis of LXA,.
During infection with T. gondii, serum levels of LXA,
increase steadily over the course of the acute phase, and
remain at high levels during chronic disease [28]. Such
high levels found in the serum of chronically infected
animals indicate that this mediator might exert relevant
biological functions during this stage of the disease.
Consistent with this, 5-lipoxygenase-deficient animals
succumbed to 7. gondii infection at the early onset of
chronic disease (approximately 27 days post-infection).
Furthermore, it became clear that immunity against the
parasite was actually increased in the absence of 5-
lipoxygenase, with significantly less brain cyst formation
than in control animals, indicating that this was not the
cause of mortality. By contrast, excessive pro-inflam-
matory cytokine production and massive cerebral
infiltration was found, including atypical meningitis.
The conclusion was that the excessive pro-inflammatory
response in the brain ultimately caused the death of the
S-lipoxygenase-deficient hosts [28]. 7. gondii infection in
5-lipoxygenase-deficient mice resulted in more extensive
tissue pathology, mainly due to lack of LXA, produc-
tion, as treatment of 5-lipoxygenase-deficient mice with
lipoxin analogs restored the resistance to tissue pathol-
ogy with no mortality associated with uncontrolled
pro-inflammatory responses, in a similar manner as for
wild-type animals [28]. This indicates that
5-lipoxygenase-derived  anti-inflammatory mediators
(lipoxins) may inhibit the onset of tissue infiltration [30].

IL-10 and lipoxins share several biological functions
in terms of controlling inflammation that indicate they
might be redundant; however, the treatment of
T gondii-infected 5-lipoxygenase-deficient mice with
IL-10 failed to rescue animals from mortality [28].
Although less inflammation was seen in these animals,
reactivation of parasite proliferation was observed. This
observation was later found to be consistent with an
apparent difference between the actions of IL-10 and
LLXAy, in which the former, but not the latter, effectively
inhibited the microbicidal activity of macrophages [14].

Another interesting discrepancy between IL-10 and
LXA, comes from the pathological findings seen during
T. gondii infections of IL-10- versus S5-lipoxygenase-
deficient mice. In the absence of IL-10, infection caused
earlier mortality with generalized lymphocytic infiltra-
tion and massive hepatic necrosis, with little to no
inflammation seen in the CNS. Strikingly, the opposite
findings, in terms of both liver and CNS infiltration,
were observed during infection of 5-lipoxygenase-
deficient mice, indicating that these two anti-inflamma-
tory mediators use related but independent intracellular
inhibitory mechanisms. So, although the actions of 1L-
10 and LXA, are partially overlapping, their different
effects in vivo and in vitro show that these two anti-
inflammatory mediators follow independent strategies
for controlling pro-inflammatory activity. Furthermore,
the kinectics as well as the molecular basis of the
biosynthesis and biological activities of the compounds
are quite different, indicating that the organ and the
timing of action are critical for achieving appropriate
control of the immune response.

3. Lipoxins as a mechanism for pathogen evasion

There is a growing body of evidence indicating an
immune-modulatory role for lipoxins during infections.
Furthermore, it is possible to speculate that pathogens
may take advantage of this regulatory pathway to
promote host survival, or even to allow a less toxic
environment in which replication can occur. Emerging
evidence indicates that the immune-modulatory actions
of several lipid mediators are exploited by pathogens,
including fungi and helminths. In such cases, it seems
that modulation of immunity by suppressing host pro-
inflammatory responses is the aim. ‘Despite the fact that
DCs are one of the main targets for the immune
modulatory actions of LXA,4 during 7. gondii infection,
this cell population does not produce detectable levels of
the eicosanoid [28,31]. Instead, resident splenic macro-
phages up-regulate 5-lipoxygenase expression after in
vivo stimulation with parasite extract [14] indicating the
participation of macrophages in the generation of
lipoxins. The action of 5-lipoxygenase on arachidonic
acid results in the formation of leukotriene A4, which
can be rapidly converted to LXA, through the actions of
a second enzyme, called 15-lipoxygenase. Although the
S-lipoxygenase activity after 7. gondii infection was
known to be associated with splenic macrophages [28],
the 15-lipoxygenase-expressing cell population was not
known. In an effort to identify the sources of 15-
lipoxygenase activity after 7. gondii infection, Bannen-
berg et al. [31] identified an enzymatic activity in
tachyzoite forms exposed to calcium ionophore in the
presence of arachidonic acid in vitro. Moreover, pro-
tcomics analysis of tachyzoite-derived lysates revealed
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the presence of peptides homologous to plant-derived
type 1 lipoxygenases [31]. It therefore seems probable
that the induction of lipoxin biosynthesis by 7. gondii
has been selected through the carrying of a plant-like
lipoxygenase gene, which together with the actions of
host-derived 5-lipoxygenase results in the high-level
production of lipoxins. The presence of high levels of
lipoxin, in turn, dampens ongoing immune responses $o
that hosts can control parasite proliferation without
succumbing to the damaging consequences of excessive
inflammation or tissue destruction.

Although the genes responsible for the 15-lipoxygen-
ase activity in 7. gondii have not been formally
identified, the fact that enzymatic activity is induced
after ionophore activation in vitro indicates a putative
regulatory mechanism for 15-LO expression/activation
[31] in which it can be speculated that invasion of host
cells, or even immune attack of infected cells may trigger
15-LO activity in intracellular parasites. On the host
side, the expression of 5-lipoxygenase is increased after
stimulation with parasite extracts or after infection [14].
Although the molecular basis for 3-lipoxygenase induc-
tion after parasite stimulation has not been clarified, it is
known that this enzyme can be induced after leukocyte
exposure to a variety of stimuli, including PGE, [32].
The interplay between these mediators, the induction of
5-lipoxygenase and the control of immune responses in
vivo await further investigation. Another intriguing
point that contributes to the argument for a role of
T. gondii 15-lipoxygenase in immune evasion is the
presence of such enzymatic activity in an organism that
does not have lipids that could serve as substrates for
lipoxygenases. Therefore, the substrate has to come
from infected host cells. Consistent with this, is the
recent cloning of a 15-lipoxygenase-like enzyme from
the bacterial pathogen, P. aeruginosa [33]. Although the
production of lipoxins was not formally shown in this
report, injection of exogenous I[5-lipoxygenase into
naive mice, as shown by Bannenberg et al [31], was
sufficient to induce the production of LXA4 and have
biological effects, such as inhibition of inflammatory
infiltration and IL-12 production. P. aeruginosa is most
commonly associated with chronic lung infections in
patients with cystic fibrosis. It is possible that the
bacteria may use the 15-lipoxygenase pathway leading
to lipoxin biosynthesis to promote suppression of
inflammation and persistence, possibly not activating
innate or adaptive immune mechanisms in immune-
competent individuals. However, patients with cystic
fibrosis fail to generate lipoxins in the lungs and the
continuing proliferation of bacteria results in uncon-
trolled accumulation of activated neutrophils that
ultimately lead to scrious tissue damage with organ
failure [34]. This constitutes the major pathology for the
lung form of cystic fibrosis. The relevance of pathogen-
derived  [5-lipoxygenase given the lack of lipoxin

generation in the lungs of patients with cystic fibrosis
and the severity of disease still remains to be elucidated.

Another lung pathogen that causes a chronic disease
with enormous public health relevance is M. tubercu-
losis. In spite of the fact that it is estimated that one-
third of the world’s population is infected with M.
tuberculosis, only 5-10% of this group develop active
disease. The emergence of multi-drug resistance strains
of M. tuberculosis and HIV epidemics has aggravated
the situation [35]. On the other hand, for most
individuals, infection is asymptomatic with granuloma
formation preventing the spread of the bacteria, and
potent cell-mediated immunity is typically found in
exposed individuals [36]. The critical anti-mycobacterial
response observed in animal models and probably in
humans is characterized by induction of Thl mediated
cytokines such as IL-12 and I[FN-y [37-40], Never-
theless, it has been hypothesized that breakdown of host
resistance leads to reactivation of latent infection by
unclear mechanisms involving failure of tissue granulo-
mas to contain the mycobacteria proliferation [41],
particularly in lungs, its major target organ. One
example of resistance breakdown is the heightened
susceptibility to M. tuberculosis infection observed in
HIV-infected patients with defects on cellular -mediated
immunity [42].

In addition to the Thl-type response mounted over
the course of infection, down-regulatory mediators may
be important players in controlling excessive synthesis of
pro-inflammatory cytokines and subsequent tissue
damage and could contribute to promoting bacterial
survival. Nevertheless, Th2 cytokines such as IL-4, and
IL-13 have been described to play no or only a limited
role in in vivo M. tuberculosis infection [43]. Similarly,
although in vitro IL-10 production is associated with
reduced human disease [44], mice deficient in this
important down-regulatory cytokine show nearly nor-
mal control of M. tuberculosis infection [43,45]. M.
tuberculosis invasion of the lungs is typically a latent
process with very little reaction occurring in the organ.
It seems that the pathogen “slips” into the organ and
establishes itself there with a tight balance between host
inflammatory response and mycobacteria replication.
Several factors may be involved in the “‘immune
silencing” phenomenon seen during M. twberculosis
infection [41]. Interestingly, Bafica and colleagues have
shown that in the absence of endogenously generated
LXA,, mice become more resistant to infection, with
longer survival rates, lower bacterial counts and higher
type 1 cell-mediated immunity against the bacilli [46].
Taking into account the effects of endogenously
generated lipoxins during M. tuberculosis infection, it
is possible to conjecture that in the previously men-
tioned model—2P. aeruginosa infection in patients with
cystic fibrosis—the resulting lung pathology due to the
lack of lipoxin generation suggests that the cystic
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fibrosis gene defect may affect lipoxygenase activity
directly, even in the presence of a pathogen-derived 15-
lipoxygenase. This necds to be tested directly.

Taking the two infection models studied (T. gondii
and M. tuberculosis) one notices an apparent discre-
pancy in the outcome of infection of 5-lipoxygenase-
deficient animals, indicating a protective versus a host
detrimental role for endogenously produced lipoxins,
respectively. From the perspective of T. gondii, which is
a fast-replicating pathogen, the host must be kept alive
so that transmission can occur through predation. Thus,
the host neceds well-balanced immunity against the
parasite, the number of which is kept low but not
completely eliminated. To accomplish this, lipoxins are
induced to keep immunity present, but not intensified.
By contrast, M. tuberculosis is a slow growing, silent
pathogen, that may require high proliferation rates in
lungs of infected hosts for transmission to occur. To
achieve this, lipoxins may be generated and could inhibit
ongoing immune responses allowing enough bacilli to
expand. Thus, both cases suggest that lipoxins-depen-
dent inhibition of pro-inflammatory type 1 responses
could provide a favorable environment for transmission
and propagation of the pathogen.

In summary, the emerging role for lipoxins as
immune-modulatory mediators, and the potential use
of their inhibitory effects for pathogen survival and
replication, is still a new and poorly understood field.
Important questions such as the nature of the pathogen-
derived signal that contributes to lipoxin generation, or
whether the anti-inflammatory effects of LXA,4 have a
critical role in the balance between type 1, type 2 and
regulatory T cell responses await to be answered.
Furthermore, another important key element is whether
the “piracy” of lipoxygenases by pathogens constitutes a
general trend for immune escape and induction of
persistence in vivo. Finally, the molecular basis for
LXA -mediated inhibition of DC function and IL-12
production in response to microbial stimuli requires
further study. The elucidation of some of those issues
may provide support for the development of therapeutic
intervention in the 5-lipoxygenase/LXA, axis.
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