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RESUMO

LOURES, F. V.O receptor de reconhecimento de patdogenos TLR-2 epotéina
adaptadora MyD88 apresentam um importante papel nanfeccdo murina contra o
Paracoccidioides brasiliensi®010. 134 p. Tese (Doutorado em Imunologia) -tlrist

de Ciéncias Biomédicas, Universidade de Sao P8alo Paulo, 2010.

Os mecanismos imunolégicos que governam a interagiiie o fungd’aracoccidioides
brasiliensise 0 hospedeiro tém sido pouco estudados. Tantoraponentes do fungo
como o0s receptores dos fagécitos envolvidos neseacdo sdo pouco conhecidos.
Baseados nestes fatos, nosso trabalho teve pdivobgaracterizain vitro ein vivo o
envolvimento do receptor “Toll Like™2 (TLR-2) e daroteina adaptadora MyD88
(myeloid differentiation primary response gene @8)Jnfeccdo de camundongos pelo
brasiliensis O TLR-2 é um receptor da imunidade inata envolvid reconhecimento
de PAMPs (padr6es moleculares associados aos pag)genquanto que MyD88 é
uma molécula envolvida na sinalizacao celular imthupor muitos TLRs e que culmina
com a ativacdo de varios fatores de transcricéoe esles o NkB, envolvidos na
ativacdo de genes ligados a resposta inflamatddea tanto, utilizamos camundongos
C57BI/6 deficientes e normais para TLR-2 e para B®DDemonstramos que,
comparado ao grupo controle, animais TIR&resentavam uma infeccdo pulmonar
menos grave associada com menor sintese de Oximicon{NO). Resultados
equivalentes foram obtidos com macréfagos periisrealveolares infectadas vitro.
Inesperadamente, apesar das diferencas na cargacdumambas as linhagens
apresentavam tempo médio de sobrevida semelhdesées pulmonares de gravidade
equivalente. Os estudos com leucdcitos infiltramtepulméo revelaram um aumento
de leucécitos polimorfonucleares neutréfilos (PMMsp animais TLR-2 associado
com um menor nimero de linfécitos TCDd TCDE ativados. Animais TLR-2
deficientes apresentaram uma discreta diferencantgua sintese de citocinas
pulmonares dos tipos Thl e Th2, porém estes aniapaesentaram maiores niveis de
KC, uma quimiocina CXC envolvida na quimiotaxiardeutrofilos, assim com maiores
niveis de citocinas Th17 (IL-6, IL-17, IL-23 e T@lr- Além disso, a resposta imune
Th17 desenvolvida por animais TLR-Zsteve associada com menor expansdo de
células T regulatorias CD8D25FoxP3. Assim, o TLR-2 controla a imunidade inata

e adaptativa frente d®. brasiliensise regula negativamente a resposta imune Th1l7 e a



patologia pulmonar. Em relacdo aos estudos comaasideficientes para a proteina
adaptadora MyD88 na paracoccidioimicose verificaoues sua auséncia resultou numa
producédo deficientén vitro ein vivo de NO, além de uma producéo deficient&ivo

de citocinas do tipo Thl, Th2 e Thl7. Animais MyB#&Sicientes infectados
desenvolveram uma resposta imune prejudicada, resiaia pelo menor nimero de
macréfagos ativados, assim como uma imunidade ailzpt menos eficiente,
evidenciada pelo menor nimero de células T CD4Addis que afluiram aos pulmdes.
Este quadro culminou com uma carga fangica maisrputmdes dos animais MyD88-
deficientes, como também permitiu uma exuberarggediinacdo do fungo para outros
orgéos, como figado e baco. Os pulmdes e o figaEs@ntaram graves lesbes com a
presenca de granulomas coalescentes e ricos agsefjandjicos. Assim, camundongos
MyD88-deficientes nédo foram capazes de controdwenca e morreram em um tempo
mais curto que os animais MyD88-competentes, cornterciado em experimentos de
sobrevida. Assim, nossos achados demonstram qumalacao intracelular mediada
pela proteina MyD88 é importante para a ativa¢a rdecanismos fungicidas, assim
como para a ativacdo das respostas imunes iredapgativa contra B. brasiliensis
Em conjunto, nosso trabalho demonstra que tantoLB-Z quanto a molécula
adaptadora MyD88 desempenham um papel relevantmmoole da infecgdo, assim
como na indugdo da resposta imune contra estegraidgngico primario.

Palavras-chaves: Paracoccidioidomicose. Imunidatktal Imunidade Adaptativa.

Receptores Tipo Toll. Interleucina-17.



ABSTRACT

LOURES, F. V.The pathogen recognition receptor TLR-2 and the adator protein
MyD88 have an important role in the innate and adapve immunity against
Paracoccidioides brasiliensignfection. 2010. 134 p. Ph. D. Thesis (Doctor in
Immunology) — Instituto de Ciéncias Biomédicas, \énsidade de S&o Paulo, Séo
Paulo, 2010.

The immunological mechanisms that govern the ioteya between hosts and the
dimorphic fungusParacoccidioides brasiliensihiave been scarcely studied. Both,
fungal and phagocyte receptors involved in thierattion are poorly understood.
Based on these facts, the aim of our study wahaoacterizen vitro andin vivo the
role played by Toll Like Receptor-2 (TLR-2) and tha@aptor protein MyD88 (myeloid
differentiation primary  response gene  88) in muringpulmonary
paracoccidioidomycosisThe TLR-2 is a receptor of innate immunity invalvan the
recognition of PAMPs (pathogen associated molequdditerns), whereas MyD88 is a
molecule involved in cell signaling induced by maryRs . TLR-mediated activation
results in the production of several nuclear trapsion factors, including NEB, which
activate important genes of the inflammatory resgoWild-type (WT) besides TLR-
2- and MyD88-deficient C57BI/6 mice were used im mvestigation. We showed that,
compared to control animals, TLR2nice developed a less severe pulmonary infection
associated with reduced synthesis of nitric oxh@). Equivalent results were obtained
with in vitro infected peritoneal and alveolar macrophages. peebedly, despite the
differences in fungal loads, TLR-2-/- and WT midewed equivalent survival times
and pulmonary lesions. Studies with lung infiltngtieukocytes revealed an increase of
polymorphonuclear neutrophil leukocytes (PMNSs) ibRF2” mice associated with a
low number of activated T CD4 and T CD@mphocytes. Compared with WT mice,
the TLR-2-deficient mice showed slight differenaeshe production of pulmonary Thl
and Th2 cytokines, but presented higher levels 6f K CXC chemokine involved in
neutrophil chemotaxis, besides increased levelBhdf7 cytokines ( IL-6, IL-17, IL-23
and TGFB). Furthermore, the prevalent Th17 immune respoeseloped by TLR-2
mice was associated with lower expansion of regayal cells CD4CD25 FoxP3.
Thus, TLR-2 controls the innate and adaptive imryuaigainst theP. brasiliensis

infection and negatively regulates Th17 immune response aidopary pathology.



Studies with MyD88-deficient mice showed an impaipgoduction of NO in vivo and
in vitro, and a deficienn vivo production of Thl, Th2 and Th17 cytokines. In &ddi,
infected MyD88-deficient mice developed an impaimadnune response, evidenced by
poorly activated macrophages, as well as by aridneit adaptive immunity mediated
by a diminished influx of activated CDA cells to the lungs. These events led to
increased fungal loads in the lungs of MyD88-defitimice and allowed a marked
dissemination of the fungus to other organs suclivas and spleen, which presented
severe lesions composed by coalescent granulonmagiioag high numbers of fungal
cells. As consequence, MyD88-deficient mice werablmto control fungal growth and
presented a decreased survival time. Our findimgsahstrate that MyD88 signaling is
important to the activation of fungicidal mechanssand to the induction of the innate
and adaptive immunity againBt brasiliensis.Altogether, our work shows that both
TLR-2 and the adapter molecule MyD88, play an ingodr role in controlling ofP.
brasiliensis infection, as well as in the induction of immuresponses against this

primary fungal pathogen.

Keywords: Paracoccidioidomycosis. Innate Immunfgaptive Immunity. Toll-Like

Receptors. Interleukin 17.
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1 INTRODUCAO

A paracoccidioidomicose (PCM), causada pelo fumgracoccidioides
brasiliensis € uma micose sistémica do homem e geograficanestée confinada a
América Latina e Central (México). Sua area de encidade se estende da América
Central a Argentina, afeta principalmente as codmges rurais, sendo uma das
micoses profundas de maior prevaléncia destaseggkoi estimado em uma regido
endémica da América do Sul, onde vivem aproximadéer@0 milhdes de pessoas, que
10 milhdes estdo em eminente risco de infeccao.sh&incidéncia é variavel entre os
paises, mas também entre distintas regides no mpafmoObserva-se, por exemplo,
um franco contraste entre uma incidéncia rara eg&s aridas e semi-aridas do
Nordeste do Brasil, ou ainda incomuns nas regidpsramidas da Amazoéniaersusa
alta incidéncia nas regides Centro e Sudeste doRESTREPO, 1985; RESTREPO et
al., 2001). Ha evidéncias, portanto, de condi¢cdesbgas que favorecem a sobrevida
do fungo na natureza em regides endémicas. Ensas eondicdes podemos citar:
temperatura média entre 17 °C e 24 °C, invernagivaimente curtos e ndo muito
rigorosos, pluviosidade entre 500-2500 mm/anayudki entre o nivel do mar e os 1500

m, solos férteis e com cobertura vegetal (RESTREP®).

O P. brasiliensisé um fungo com caracteristicas de dimorfismo t&mgue
cresce como micélio a temperatura de 25 °C e c@tdadeveduriforme no tecidoie
vitro a 37 °C (RESTREPO, 1985). Segundo San Blas €1980) a temperatura parece
ser o unico fator que interfere no dimorfismo o brasiliensise este processo é
reversivel.

Estudo epidemiologico relata 3181 6bitos pela P@MBrasil entre 1980 e 1995
e taxa de mortalidade média anual 1,45/milhdo tétdraes. As regides Sul e Centro-
Oeste apresentam as maiores taxas de mortalidgideak O Sudeste apresentou a taxa
mais baixa e com tendéncia de queda. O trabalhesamia dados que indicam a
prevaléncia da doenca em &reas rurais e mortalipleEd®minante no sexo masculino
em uma proporcéo de 562 homens/100 mulheres (COWDIBE al., 2002).

A infeccdo € usualmente adquirida pela via retpieg muito provavelmente
pela inalagdo de propagulos aéreos do fungo (ams)idjue atingindo os pulmdes
podem desenvolver-se em leveduras e a partir dogomario da infeccdo disseminar-
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se pela via linfo-hematogénica para diferentesag @i sistemas (RESTREPO, 1985).
O desenvolvimento da PCM depende da interacao erfitnrego e o hospedeiro, sendo a
adesdo as células e a superficie de mucosas doedsdsp importantes no
estabelecimento da infeccédo. Desta formR, brasiliensispode penetrar ativamente a
superficie muco cutanea e parasitar as célulasliepEt escapando assim das defesas do
hospedeiro e atingir os tecidos mais profundos yieldinfo-hematogénica (BRITO et
al., 1973).

A PCM apresenta-se em diferentes formas no hogpedeigrande maioria dos
individuos desenvolve infeccdo pulmonar assintaraatienquanto que alguns
individuos apresentam manifesta¢gfes clinicas dagdoeds formas polares da PCM
sdo a hiperérgica ou localizada e anérgica ou rdissela (MONTENEGRO e
FRANCO, 1994). O curso da infeccdo depende de shgefatores, como a resposta do
hospedeiro, via de infeccdo e a viruléncia do agémiectante (BRUMMER et al
1993).

Estudos recentes tém demonstrado que a resposte igalular tem papel
principal na defesa dos hospedeiros contra a iaéepeloP. brasiliensis enquanto que
as formas mais graves da doenca estdo associadassaaltos de anticorpos e ativacao
policlonal de linfocitos B (ARANGO et al 1982; CASTANEDA et a 1988;
FAZIOLI, 1997). Estas caracteristicas indicam quesposta imune relacionada com a
producdo de anticorpos, tais como as respostasesngavernadas por linfocitos T-
helper 2 (Th2), preferencialmente conduz para agheais grave e aguelas associadas
com a ativacdo da imunidade celular, comandadas gdaltbcitos T helper 1 (Th1l),
levam a uma patologia mais branda.

Trabalhos recentes tém demonstrado claramente ggcienpes com a forma
grave da PCM produzem niveis de IgE, 1gG4 (reguautw IL-4) e IgA (regulada pelo
TGF, IL-5 e IL-10) mais altos do que aqueles com enfbbranda da doenca (BAIDA
et al, 1999; MAMONI et al, 2002). Além disso, a secrecdo de niveis mais al&
citocinas do tipo 2 (IL-4, IL-5, IL-10) e TGB; bem como a presenca de eosinofilia, foi
detectada em pacientes com infecgcdo mais dissemohadjue aqueles com a doenca
menos grave (OLIVEIRA et al 2002). Em pacientes com a doenca ativa, foi
encontrada diminuicdo na secrecdo de YHIKARHAWI et al,, 1999) e o aumento da
expressdo de CTLA-4 em células mononucleares dgusaperiférico, aumento este

gue pode estar relacionado com a anergia dos iio$6T (CAMPANELLI et al, 2003).
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Em conjunto, estes dados indicam um padréo de stspuune Th1/Th2 na PCM, isto
é, as células Th2 estdo preferencialmente asseoiatia a doenca progressiva e grave e
as células Thl associadas com a forma benigndetz#v. Alternativamente, a anergia
de células T poderia ser a responsavel pela respoahe inadequada de pacientes com
a forma grave.

Utilizando um modelo de infeccéo intraperitonegb.fide PCM, Calich et al
(1985) demonstraram que havia diferencas signi@sanentre resisténcia e
susceptibilidade ao fungo, entre varias linhageagénicas de camundongo. Foram
caracterizadas como as mais resistentes as linh#g&m e A/J, enquanto que animais
B10.A mostraram-se altamente susceptiveis a infepebbP. brasiliensis

Estudos mais recentes desenvolvidos em nosso tdhoraéém utilizado um
modelo de PCM pulmonar empregando as mesmas linkage camundongos,
utilizando, porém, a via intratraqueal (i.t.) déeotéo. Foi observado que camundongos
A/Sn desenvolvem PCM cronica, benigna e restrita polmdes. Animais B10.A
desenvolvem doenca disseminada e progressiva.sOkaaos obtidos sugeriram que a
resisténcia a PCM estava associada a atividad@&fdeilos T, macréfagos e linfécitos
mediados por IFN:(CANO et al., 1995). Estudas vivo demonstraram ainda que o
IFN-y tem efeito protetor na PCM pulmonar. A deplecéolfeld-y por anticorpos
monoclonais agravou a doenca, tanto em animaisegtigeis, como em animais
resistentes ao fungo. Nesses animais depletadoge haumento da carga flngica
pulmonar e anergia da resposta imune celular (CAN&l., 1998). Souto et al. (2000)
ao estudarem o papel do IFNe TNF@ na resisténcia a infeccdo, demonstraram que o
IFN-y atua no mecanismo de resisténcia a doenca e iaduoducdo de NO que
determina anergia de células T. Outros estudodamveue a producdo de quimiocinas
e 0 recrutamento de leucocitos para os pulmdes anurdongos infectados pér.
brasiliensissdo modulados por IFN-Souto et al. (2003) evidenciaram isto ao estadar
producdo de quimiocinas em camundongos C57BI/6 acedps a animais da mesma
linhagem, porém com o gene para lfFMocauteado. Estes ultimos produziram baixos
niveis de quimioatraentes para células mononudeeoseno IP-10, Mig e MCP-1, e
niveis altos de quimioatraentes de neutrofilos c&@ae MIP-1o.

Estudos realizados com o modelo intraperitonegl.)(ie com o modelo
pulmonar da PCM demonstraram que a infeccao Pelorasiliensisleva a diferentes

graus de ativacdo macrofagica, que dependem dd@@aghnético da linhagem de
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camundongo empregada (KASHINO et al.,, 1995). O a@xidtrico, um dos mais
importantes intermediarios reativos do nitrogéaiam dos principais responsaveis pela
atividade microbicida dos macréfagos. A enzima oxidtrico-sintetase induzida (iNOS
ou NOS2) é a responsavel pela producdo de NO eaegtdamente envolvida em
processos inflamatorios e infecciosos (MACMICKINGa&, 1997). Foi demonstrada a
participagdo do NO em vérias infec¢cdes por micmuigyaos, inclusive peloP.
brasiliensis Bocca et al. (1988) demonstraram que o tratamanteivo com um
inibidor de NO agravava a doenca em camundongo3BKE) infectados peldP.
brasiliensis porém revertia a anergia dos linfécitos T a amdg do fungo.

Os leucdcitos polimorfonucleares (PMN) tém acdddesve na imunidade
protetora de camundongos susceptiveis, emborajgroteamundongos resistentes
somente ao inicio da infeccédo. Fato interessardersado neste trabalho foi o de que a
deplecéo de leucocitos PMN induzia doenca muitgegreds camundongos susceptiveis
em concomitancia com niveis elevados de citocinasftamatorias. Assim, a atuacéo
excessiva do sistema imune pode ser deletériasgaeteiro (PINA et al., 2006).

No nosso modelo experimental, varias observagidisam que o paradigma
Th1l/Th2 de ativacdo da resposta imune adaptativa exfplica completamente os
fenbmenos de resisténcia e susceptibilidade acofulsgsim, a IL-4 é protetora para
camundongos susceptiveis (ARRUDA et al., 2004yatamento com IL-12 exdgena
leva & menor disseminacéo do fungo, mas induz satgatologia pulmonar associada
com exuberante influxo de células inflamatorias RARDA et al., 2002); a deplecéo de
células T CDZ ndo altera o curso da doenca de camundongos $iwsiep
(CHIARELLA et al., 2007) e a producdo excessivaoa@lo nitrico induz anergia da
imunidade celular (NASCIMENTO et al., 2002).

Diferentemente do que se supunham na doenca hunexp&rimentos de
deplecaoin vivo e com camundongos nocaute (KO) para genes de ulbgdes
linfocitarias (CD4 e CD8) tém demonstrado que os linfécitos T CD8&o
fundamentais para o controle da PCM pulmonar e magke apresentar sob os padrdes
do tipo 1 (secretor de IFM-ou tipo 2 (secretor de IL-4) de ativacdo. Aléresdi, estes
linfécitos parecem ser fundamentais para o contade carga fungica pulmonar
(CALICH e BLOTTA, 2005; CHIARELLA et al., 2007; ARBDA et al., 2007). Os
linfécitos T CD4 do tipo 1 s&o ativados ao inicio da resposta indeneamundongos
resistentes que mais tardiamente ativam subpopmdad®2. Esta ativacdo parece

contribuir para o padrdo resistente, talvez regldamegativamente processo
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inflamatorio lesivo para tecidos do hospedeiro. Abpopulacdo T CD4 de
camundongos susceptiveis é completamente anérgiatoenca destes animais nao se
altera pela deplecdo seletiva de linfocitos T CDAssim, em camundongos
susceptiveis outros mecanismos imunorregulatoriagecem estar associados a
susceptibilidade genética da doenca. Neste aspectentes trabalhos realizados com
pacientes tém demonstrado que a imunossupressa@GMaesta associada a expressao
aumentada de moléculas CTLA-4 por linfécitos deiggdes (CAMPANELLI et al,
2003), a apoptose de células T (CACERE et al., p8@2acéao de células T reguladoras
de fendtipo T CDACD25" Foxp3 (CAVASSANI, 2006).

Toll-Like Receptors (TLRS) s&o receptores recentgmedescritos que
reconhecem moléculas-padréo expressas por diveasdgenos. Estes receptores foram
encontrados inicialmente erdrosophila melanogastere denominados “Toll” e
associados com a defesa contra parasitas. A sefguam descritos receptores
homologos em mamiferos e entdo denominados de -Lil@l Receptors”. Hoje,
conhecemos 13 familias de TLRs e todos eles apeasepequenas diferencas nas
cadeias de aminoacidos que compde as proteinasogu®rmam. Devido estas
diferencas, cada TLR é capaz de reconhecer cldgsesntes de moléculas bioldgicas
presentes em diversos microorganismos, como pommre LPS, lipoproteinas,
flagelina, peptideoglicana, DNA entre outras (TAK&Rt al.,, 2003; AKIRA et al.,
2006).

Quando ativados, os TLRs desencadeiam uma sigatizatracelular que
culmina com a ativagdo do macréfago e com a sineseompostos que podem
eliminar o patdégeno; esta ativacdo pode ocorreavésr da ativacdo do fator de
transcricdo NFKB ou do fator de transcricdo ARdr, exemplo; ambos ativam genes a
produzir citocinas que estéo ligadas a inflamacé@mo o fator de necrose tumoral-alfa
(TNF-0) e IL-1, com a proliferagdo celular (IL-2) e a ppmse. A ativacdo final do
NFkB pode ser desencadeada por um sinal provenwmtem TLR e a via de
sinalizacado pode ser dependente ou independenpeotiEina adaptadora denominada
Fator 88 de diferenciacdo mieloide (MyD88). A sretdo MyD88-dependente é
compartilhada por todos os TLRs, exceto o TLR-9. é&evia de ativagdo for
independente de MyD88, o sinal proveniente do TtifRaao NFKkB através de outras
duas moléculas adaptadoras como TRIF e TRAM, odeadilyD88 pode associar-se a
outra proteina adaptadora como a MAL (ou TIRAP)apsinalizar a producdo de

NFkB. A TRIF é uma proteina adaptadora contendoomidio TIR (dominio de
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homologia ao receptor Toll/IL-1 induzindo IHN-e esta ligada a sinalizacéo via TLR-
9; a via dependente de TRIF pode atuar tambémutrasfatores de transcricdo, como
o IRF3, IRF5 e IRF7, e estes culminam com a atwalg® genes que codificam IFN-
a/B; TRIF ainda pode associar-se com TRAM para desieracaa producdo de NFkB e
IRF3, e este caso ocorre quando ha ativacdo do4ll®Ritra proteina adaptadora é a
MAL, que é requisitada pela sinalizacdo via TLR-ZL&R-4 e atua ligada a proteina
MyD88. Recentemente, uma quinta proteina adaptddoravelada, a SARM, e parece
atuar como reguladora negativa da sinalizacdo \WaF T(DOYLE et al., 2006;
O’NEILL e BOWIE, 2007).

Diversos trabalhos véem demonstrando a importéateiproteina MyD88
no controle das infec¢des: Fremond et al., 200ataedm que MyD88 € crucial para o
controle do crescimento dbycobacterium tuberculosisA producdo de algumas
citocinas como TNk, IL-6, e IL-12p40 foi observada em niveis menoess
macréfagos provenientes de animais MyD88KO e iaftms com a bactéria, quando
comparado ao grupo controle. Além disso, camundodgéicientes e infectados com a
bactéria apresentaram um tempo médio de sobreuvitEideravelmente menor que os
animais controle. Campos et al. (2004) relatarane @ proteina MyD88 é
indispensavel no controle de infecgbes ponypanosoma cruzi.Camundongos
MyD88KO infectados com o protozoario apresentaram alta parasitemia e acelerada
mortalidade quando comparados ao grupo controlein@lizacdo via MyD88 também
esta envolvida no controle de infeccbes virais, WARet al. (2005) relataram que o
virus Epstein-Barr ativa a producdo de ®B--através do TLR-2 dependentemente de

MyD88 e esta ativacdo €é crucial para uma eficisntsidade frente a este virus.

Em infeccbes fungicas Bretz et al., 2008 demorstriajue a sinalizacao via
MyD88 é essencial para controle do crescimentouhgd Aspergillus fumigatusA
auséncia desta proteina levou a menores niveiBNig, lIL-1p, IL-6 e da quimiocina
KC quando comparado ao grupo controle. Trabalhammho Candida albicans De
Luca et al. (2007) demonstraram que a proteina MyB8essencial para atividade
antiinflamatoéria exercida pelas células T reguladdfTreg) no local da infeccdo. Em
outro trabalho, Biondo et al. (2005) relataram qu&-2 e MyD88 sdo essenciais ha
defesa contra o fungdCrytococcus neoformansAnimais TLR-2 e MyD88KO
apresentaram menores niveis de Td\AL-12p40 e IFNy comparados aos animais

controle em resposta a infeccdo pelo fungo. Alémssdi animais MyD88KO
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apresentaram alta mortalidade quando comparadamnaunais controle e TLR-2KO em
resposta a infec¢éo pelo criptococcus.

Cada vez mais vem sendo demonstrada a importélosiareceptores da
familia Toll-Like no reconhecimento de diversos go@nos. Este reconhecimento
muitas vezes determina o curso da doenca causad@qtérias, fungos, protozoérios e
virus (NETEA et al., 2006; ROPERT et al., 2008; TMRSOM et al., 2008). Em
trabalho pioneiro, Campos et al.(2001) sugerem que grupamentos
glicosilfosfatidilinositol (GPI) isolados do protodrio Trypanosoma cruzativam a
producao de IL-12, TN e o6xido nitrico (NO) por macréfagos de camundsnga
TLR-2. Assim, a ativacdo do TLR-2 poderia inician unecanismo de defesa inata e
uma resposta inflamatoéria durante o processo @egéb pelo protozoario. THOMA-
USZYNSKI et al. (2001) demonstraram que lipopmdsi da bactéria causadora da
tuberculoseMycobaterium tuberculosigtivam macréfagos de camundongos e humanos
via TLR-2. Por outro lado, Campos et al. (2004atah que LPS derivado da bactéria
Brucella abortusativa macrofagos via TLR-4. Este fato foi facilrteerdemonstrado
utilizando um camundongo que tem uma mutacdo n@ gpre codifica o TLR-4
(C3H/HeJ) e uma linhagem normal (C3H/HePas) queessp 0 receptor inalterado.
Macréfagos de ambas as linhagens foram desafiantosL®S, porém os deficientes
para TLR-4 produziram niveis menores de IL-12 e ‘B\B que sugere a participacéo

do TLR-4 na imunomodula¢do dos macrofagos.

Em relacdo as infecgBes fungicas diversos trabalBem demonstrando a
importancia de diferentes TLRs na imunidade cofuingos, e, de modo geral TLR-2 e
TLR-4 tém sido descritos como o0s mais importanteBelochio et al. (2004)
demonstraram que a resposta imune inata e adaptasivinfeccdes po€andida
albicanse Aspergillus fumigatué coordenada por diferentes TLRs, particularmeate p
TLR-2, TLR-4 e TLR-9. Neste trabalho, as difererfasnas do fungo, hifa e conidios,
sdo reconhecidas por diferentes Tolls. Estes autdesnonstraram também que a
presenca do TLR-2 e do TLR-9 levou a uma doenca grave, com niveis altos TNF-
a € de UFC em comparagao com os observados nos dangos TLR-2 KO e TLR-9
KO. Em outro trabalho comispergillus fumigatusdemonstrou-se que macrofagos
peritoneais de camundongos deficientes para o TLBwéndo estimulados com

conidios do fungo, produzem menores niveis de @NE-1a e IL-13, comparando-se
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com macrofagos provenientes de animais que expnessBLR-4 funcional, (NETEA
et al., 2003).

Viriyakosol et al. (2004) relataram que a atiwacde macrofagos
peritoneais po€occidioides posadasséidependente do TLR-2 e independente do TLR-
4. Ao desafiar macrofagos de camundongos TLR-2 &® o fungo, observaram niveis
menores de TNie-e MIP-2 em comparacao aqueles produzidos por caandfagos de
animais que apresentam o receptor funcional. Contodnesmo desafio ndo resultou
em diferencas na producéo destas citocinas quaagodfagos de animais TLR-4 KO

foram comparados a macréfagos de animais que apaese TLR-4 funcional.

Trabalhando com hifas e leveduras @éndida albicansGozalbo et al.
(2006) demonstraram que TLR-4 e TLR-2 participandeiesa do hospedeiro frente a
este fungo. Ambas as formas dos fungos foram eapde ativar os receptores que sao
responsaveis pela ativacdo de macrofagos e prodigadtocinas proinflamatorias
como o TNFe. Esta interpretacdo contrasta com os achadwe®/o de Belochio et al.
(2004), que demonstraram que a presenca de TLRa2aleandidiase mais grave. Ao
trabalhar comCryptococcus neoforman®iondo et al. (2005), demonstraram que
MyD88, TLR-2 e ndo o TLR-4 sdo essenciais parasdefentra este fungo oportunista,
e isso ocorre através da indugdo da producédo dea] NF12 e IFNy.

TLRs nédo sao exclusivos das células da imunidag#ai como o0s
macrofagos e as células dentriticas, estdo presantéoém em células da imunidade
adquirida, como os linfocitos T, contribuindo assina modulacdo deste tipo de
imunidade adquirida. Células T naive apresentanxobaniveis de mRNA e de
proteinas intracelulares para TLR-2 e TLR-4, poc&iulas T de memdéria e ativadas
expressam altos niveis de TLR-2 e TLR-4 expressosnambrana (LIU e ZHAO,
2007). Além disso, trabalhos recentes evidenciaenagsinalizacao via TLR-2 regula a
expanséao e funcao das células T reguladoras (T{®FEMULLER et al., 2006; LIU e
ZHAO, 2007). Para exemplificar, recentes estudogzaram que ligantes derivados de
Leishmania sgpodem induzir a expanséo das Tregs contribuinda pasupressao da
resposta imune contra o patégeno (SUFFIA et aD62GTUMULLER et al., 2006;
STUMULLER et al., 2007).

Cada vez mais vem sendo descrito o papel dos TaRsleterminacdo da

geracdo de um padrdo de resposta imune. Dependdndmarasita e do receptor
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envolvido, podemos observar um padréo de respdsta Th2 e Thl7. Trabalhando
com células humanas, KATTAH et al. (2008) demomnatraque a ativacao via TLR-4 e
via TLR-7/8 ativam a producédo de citocinas com@®JUL-23, TGF$, e este conjunto
de citocinas determinou, ent&o, a diferenciacalintticitos TCD4 naive em linfcitos
TCD4" Th17, com producdo majoritaria de IL-17. Os mesmassiltados ndo foram
encontrados quando o grupo trabalhou com ativaigddhR-2, TLR-3 e TLR-9.

A IL-17 é uma citocina recentemente descrita galarente produzida por
uma subpopulagdo de linfocitos T CDdtivados; entretanto, a IL-17 é conhecida
também por sua atividade reguladora da imunidaala ie na defesa contra parasitas.
Uma das atividades reconhecidas da IL-17 € a mabdio de neutrdfilos para sitios
inflamatorios através da inducdo da producdo demiqainas, como as CXC,
quimiocinas cujas cisteinas terminais séo espagamfasm aminoacido e que tém acao
preferencialmente sobre leucocitos PMN (KOLLS e DB, 2004; MIYAMOTO et
al., 2003; STOCKINGER et al., 2007). A citocina2B; da mesma forma que a IL-12,
€ membro da familia das citocinas proinflamator@smpartilham a cadeia peptidica
p40, enquanto que as cadeias p35 e pl9 sdo especifia IL-12 e IL-23,
respectivamente. Enquanto que ambas as citocidazem a producdo de IFNem
linfocitos T CD4, a IL-23, embora ndo envolvida na diferenciagdd 7Thtem uma
importante funcdo na manutencéo e na funcao efdmi@lulas Th1l7 (BETTELLI, et
al., 2006; STOCKINGER et al., 2007).

Trabalhos recentes tém demonstrado que as citotink7/IL-23 tém uma
importante funcdo na defesa contra fungos. Zelantal. (2007) demonstraram que
estas citocinas atuam como reguladores negativoeegfaosta Thl promovida por
fungos, particularment€andida albicanse Aspergilus fumigatusAlém disso, a IL-17
promove uma inflamacéao rica em neutrofilo, enquaqnte a IL-23 regula a atividade
fungicida destas células. Em adicdo, em recentealtra, Bozza et al. (2008)
demonstraram que a perda do Toll IL-1R8, que éegulador negativo da sinalizacéo

via TLR/IL-1R, exarceba a resposta Th17 em respostéeccdes fungicas.

Alguns trabalhos tém contribuido para elucidar apgd dos TLRs na
paracoccidioimicose. Trabalhando com animais stiseép, Ferreira et al. (2007)
verificaram um aumento da expressao de TLR-2 erposts a infecgédo pel®.
brasiliensisem camundongos B10.A, caracterizando a interagégof TLR-2 como um

possivel mecanismo de susceptibilidade. Em eledeatialho, os autores relataram que
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a administracéo terapéutica de lectinas'Kidrivadas dértocarpus integrifélia(jaca)
em camundongos BALB/c, protege estes camundongomntdua infeccdo pel®.
brasiliensisatravés da producao de IL-12 via TLR-2 (COLTRIIet2008).

Em nosso grupo, trabalhando com animais TLR-4cibgfies, verificamos
gue macrofagos provenientes de animais TLR-4 defies e infectadas vitro com o
fungo P. brasiliensis,apresentaram uma menor carga fungica associadanares
niveis de NO, IL-12 e MCP-1 quando comparados ardfagos provenientes de
animais TLR-4 competentek vivo, a presenca de TLR-4 levou a uma infeccdo mais
severa, com maior carga fuangica pulmonar, maiarxaflde macréfagos e linfocitos
TCD4 e TCDS8 ativados para o local da infeccao. ®lageos também que a presenca
do TLR-4 modulou a sintese de algumas citocina3has(IL-12, TNFe) e Th17 (IL-
17, IL-6, TGF8, e IL-23) que foram secretadas em maiores niv@isapimais TLR-4
competentes, indicando um importante papel do TLka4ativacdo e modulacdo de
subpopulacdes de linfécitos T (LOURES et al., 2010)
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2 OBJETIVOS

Estudarin vitro o envolvimento do TLR-2 e da proteina MYD88 naliatao
entre macrofagos de camundongos €P o.brasiliensis Para tanto foram usados
macréfagos de camundongos TLR-2/KO e MYD88/KO etrobes normais da
linhagem C57BIl/6. Nestes ensaios foram caractaagzaa fagocitose, a atividade
fungicida, e a secretora de NO e de citocinas.

Investigar o papel do TLR-2 e da proteina MYD88infaccao pulmonar pelo
P.brasiliensis Estudamos comparativamente o grau de infeccaocamundongos
deficientes e normais (TLR-2/KO, MYD88/KO e C57Bl6rmais, respectivamente).
Além do grau de infeccdo determinado pela contad@mimero de fungos viaveis nos
pulmbes, baco e figado, histopatologia e tempo deresida, foram também
caracterizadas a imunidade humoral (dosagem deogpis) e celular (caracterizacao
das subpopulactes celulares infiltrantes no pulm@)citocinas e quimiocinas foram

dosadas em homogenatos de 6rgaos.

33



3 MATERIAL E METODOS

3.1 Experimentosin vitro:
3.1.1 Animais
Foram utilizados camundongos nocaute para o TLR&& a proteina MyD88,

assim como camundongos controle, todos da linhd&gfernsl/6. Estes animais foram
uma gentil doacéao do Prof. Shizuo Akira, da Unidade de Osaka, Japdo. Todos os
camundongos tinham a condicdo de SBpe(ific Pathogen Free foram criados
no Biotério do Departamento de Imunologia do ICBPU®s camundongos foram
utilizados ao atingirem 6 a 8 semanas de idade. iRduzir em cada camundongo o
afluxo de células, foram injetados 3 mL de meioglicmlato Brewer (DIFCO) 72

horas antes da lavagem do peritdnio para a obtaetasgioélulas inflamatorias.

3.1.2 Fungo

Foi utilizado o isolado Pb 18 (virulento) &o brasiliensis (KASHINO, 1985).
O fungo foi mantido em meio sélido de Fava Nettd\(R NETTO, 1955) a 36 °C,
por repiques semanais. Suspensdes celulares fdyada® na fase exponencial de
crescimento leveduriforme, ou seja, apdés uma sewhagaltivo, e lavadas trés vezes
em solucdo salina estéril. A concentracdo de cltldagicas foi ajustada apoés
contagem em camara hemocitométrica (Neubauer). abiliddade da suspensado
celular foi avaliada utilizando o corante JanuseBree a viabilidade foi sempre
superior a 85%. Para obtencdo de leveduras nao viaveis do fungpessdes

fungicas foram deixadas a 56 °C por 1 hora.

3.1.3 Lavado peritoneal para obteng¢do de macrofagos

Camundongos pré-inoculados com tioglicolato foramnsetidos a um processo
de obtencdo de lavado peritoneal (LP). Para istoaromais foram sacrificados por
excesso do anestésico e o peritdnio foi lavadoioggméo de 5-6 mL de PBS estéril ou
meio de cultura ndo suplementado (DMEM-DulbeccotziMed Eagle’s Medium).

A viabilidade da suspenséo celular foi avaliaddizathndo o corante Trypan

Blue, e foi usada sempre que superior a 85%. Asesisées celulares foram mantidas

34



em gelo para contagem diferencial de células eoesgétrifugadas a 1200 rpm, a 4°C
por 10 minutos e ressuspensas em 1,0 mL de metoltiea (DMEM) suplementado

com 10% de soro fetal bovino.

As células do LP foram ajustadas para 2¥ifL e utilizadas nos ensaios de
atividade fungicida, producao de citocinas e NO. biume de 500 pL de células foi
dispensado em cada poco de placas de cultivo geg@s. As culturas foram incubadas
a 37 °C em estufa contendo 5% LQ@dr duas horas. As células ndo aderentes foram
removidas por aspiragdo e a monocamada aderentavéala com o meio de cultura
nao suplementado. O numero de células ndo aderentdsterminado por contagem
em camara hemocitométrica, sendo subtraido do mirder células peritoneais

incubadas.

3.1.4 Lavado peritoneal para obtencéo de leucocité¥VIN

Camundongos pré-inoculados pela via i.p. com urhac&o de 500uL de PBS
contendo 1x10 leveduras ndo viaveis do P. brasiliensis foramneilllos a um
processo de obtenc¢do de lavado peritoneal (LPy&tapos a inoculacdo das leveduras

nao viaveis, como descrito no item 1.3.

As células do LP foram colocadas em placas dereutte 24 pocos e incubadas
por 1 hora a 37 °C em estufa contendo 5%.C&3 células ndo aderentes foram
ajustadas para 1x10nL e utilizadas nos ensaios de atividade fungiditta volume de
200 pL (2x16) de células foi dispensado em cada poco de pleasultivo de 96
POGOS.

3.1.5 Lavado bronco alveolar para obtencdo de madiagos e leucocitos PMN

Um grupo de animais foi infectado pelo fur§obrasiliensis(1x1®/animal) e
apos duas semanas de infeccdo submetido ao lavanmlalveolar (LBA). Os animais
foram sacrificados e dissecados, a cavidade t@ratierta e a traquéia cateterizada. Os

pulmdes foram entdo lavados com injecdes de 1 nthele DMEM.

A viabilidade da suspenséo celular foi avaliaddizathndo o corante Trypan

Blue, e foi usada sempre que superior a 85%. Agesisdes celulares foram mantidas
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em gelo para contagem diferencial de células eoesgétrifugadas a 1200 rpm, a 4°C
por 10 minutos e ressuspensas em 1,0 mL de metoltiea (DMEM) suplementado

com 10% de soro fetal bovino.

Para obtencdo de leucécitos PMN, as células prentss do LBA foram
despejadas em placas de cultura de 24 pocos eant@sita 37°C em estufa contendo 5
% CQ, por uma hora. As células ndo aderentes, contesdeucocitos PMNs, foram
ajustadas para 1x10nL e utilizadas nos ensaios de atividade fungididaa tanto, um
volume de 200pL (2xFocélulas) da suspenséo celular foi despejado ecaplde
cultura de 96 pocos.

Para obtencdo dos macréfagos alveolares, outroogiepcélulas obtidas do
LBA foi diretamente ajustado para 2X1@nL e utilizadas nos ensaios de atividade
fungicida, producao de citocinas e NO. Neste casoyolume de 500 pL de células foi
dispensado em cada poco de placas de cultivo geg@s. As culturas foram incubadas
a 37 °C em estufa contendo 5% Q8dr duas horas. As células ndo aderentes foram
removidas por aspiragdo e a monocamada aderentavéala com o meio de cultura
ndo suplementado. O nimero de células ndo aderemtdsterminado por contagem
em camara hemocitométrica, sendo subtraido do mander células alveolares

incubadas.

3.1.6 Tratamento das culturas de macrofagos por IFy
Monocamadas de macrofagos peritoneais de camuosidiogam incubadas
durante a noite a 37 °C em estufa de @ndo sido tratadas previamente com 500 pL

de meio de cultura suplementado contendo yKRB.000 pg/mL — BD-Biosciences).

3.1.7 Infeccéo dos macroéfagos e leucocitos PMNs

As leveduras de Pb foram suspensas em 2 mL de DNMIBEMnacréfagos foram
infectados com a suspensdo de leveduras, em uat@odlevedura-macréfago de 1:50
(CANO et al., 1992, 1994). Foi realizado o co-adgtpor 2 horas, as culturas foram
lavadas e novamente incubadas por 48 horas. Apg@eriedo de incubacdo, os
sobrenadantes foram retirados e armazenados &€ f@lra determinar a presenca de

NO e citocinas.
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A cultura de leucocitos PMNs foi infectada com ada em uma relagéo
levedura-PMN de 1:2. Foi realizado o co-cultive pdiora a 37 °C em estufa contendo
5% CQ.

3.1.8 Determinacao de Unidades Formadoras de Col@si (UFC)

Apds o co-cultivo de macrofagos e fungos a 37rfGestufa contendo 5% GO
0 sobrenadante foi retirado e as monocamadas foedadas por duas ou trés vezes
com agua destilada para lisar os macrofagos. Orialate cada lavagem foi recolhido
em tubos FALCON de 25mL, um para cada pogo da plaste material foi
centrifugado, ressuspenso em 1mL de DMEM e a ssfpenbtida plaqueada (100
uL/placa) em meio Brain Heart Infusion (BHI) com 5% “fator de crescimento do
fungo” e 4% de soro equino, especial para recuperalg P. brasiliensisviaveis
(SINGERS-VERMES et al., 1992). Para a cultura deNBMLOQL do co-cultivo foi
plagueada em meio BHI. As placas foram incubad3% &C e as colbnias contadas

diariamente até que nenhum aumento em UFC fossevaio®.

3.1.9Fagocitose
3.1.9.1 Ensaio da fagocitose por microscopia — TLR-

Para o ensaio de fagocitose foram realizados erpatdos seguindo a técnica
descritas nos itens 31.3, 3.1.6 e 3.1.7; contudmyltivo de macrofagos foi realizado
sobre laminulas redondas em placas de cultura qeo@ds e utilizamos uma relagcéo
levedura-macrofago de 1:50. Apos de 4h de infecp@o o fungo o sobrenadante foi
removido, incluindo as leveduras ndo aderidas aufagocitadas e as laminulas foram
coradas com HE (Hematoxilina e Eosina - Newprovhalmédia de 1000 macréfagos
foi contada para determinar a porcentagem de célotan fungos aderidos e/ou
fagocitados. Usamos este critério em funcédo do thma aspecto morfologico do
fungo que muitas vezes impede a correta discririmagtre fungos aderidos e aqueles
internalizados (CALICH et al., 1979).

3.1.9.2 Ensaio da fagocitose por citometria de flox- MyD88

Para o ensaio de fagocitose por citometria de fldigoam realizados
experimentos seguindo a técnica descritas nos &4n8, 3.1.6 e 3.1.7. O cultivo de
macréfagos foi realizado placas de cultura de 2dopce utilizamos uma relacao
levedura-macrofago de 1:1. A infecgcéo foi realizadan leveduras ndo viaveis do
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fungo previamente marcadas com iodeto de propflip (Para marcagdo do fungo
utilizamos 10Qug de PI (Sigma) para cada 1 mL de suspens&o fangigando 1 x 10
leveduras de acordo com a técnica descrita por ¥ A&t al. (2009). Apds 2 horas de
infeccdo o sobrenadante foi removido, incluindoleaseduras ndo aderidas ou néo
fagocitadas. ApOs este periodo as células foramlhidas das placas de 24 pocos,
ajustadas em 1 x ¥nL e marcadas com anti-CD11b (FITC). A leitura flealizada

imediatamente apds a marcagcao no FACsCalibur (RBdB2nce).

3.1.10 Dosagem de NO

A concentragdo de oxido nitrico nos sobrenadatdssculturas de macréfagos
foi medida com o reagente de Griess (1% sulfandami0,1% diidrocloreto de
naftiletilenodiamina, 2,5% #PQs), sendo utilizado um volume de 5(L do
sobrenadante da cultura e igual volume do reaggmt€&riess. Foram incubados em
temperatura ambiente por 15 minutos e entdo detadai a absorbancia em
equipamento Labsystems Multiskan MCC/340 (450nm)cdhcentracdo de Oxido
nitrico foi determinada utilizando-se curva padrfadronizada com diferentes

concentracdes de nitrito de soédio (DING et al.,8)98

3.1.11 Dosagem de citocinas e quimiocinas por ELISA

A dosagem de citocinas (TNE-IL-12, IL-6 e IL-10) e da quimiocina (MCP-1)
foi realizada no sobrenadante de macréfagos peratsnA presenca e concentracédo das
citocinas foram determinadas por testes ELISA, seégunetodologia sugerida pelo
fabricante (BD Biosciences). A reacéo foi interrédapcom a adicdo de &cido sulfurico
2N. A leitura das densidades 6pticas foi feita @ d.

3.2 Experimentosin vivo
3.2.1 Animais

Foram utilizados camundongos C57BIl/@mais e animais nocaute para o TLR-
2 e para proteina MyD88. Todos os camundongosrtird@ondicdo de SPISfjecific
Pathogen Freep foram criados no Biotério do Departamento denimhagia do ICB-

USP. Foram utilizados ao atingirem 6 a 8 semanadadie.
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3.2.2 Infeccéo intratraqueal (i.t.)
Os animais foram infectados por administracdaetlx16 leveduras viaveis de
P. brasiliensiscontidas em 5@ de PBS. O procedimento foi realizado com os arsima

sob anestesia como previamente descrito por Caalo(@995).

3.2.3 Avaliacdo do grau de infecgdo através da dat@nacdo de UFC

O grau da infeccéo foi avaliado em todos os arsratiaves da recuperagdo de
fungos viaveis do pulméo, figado e baco, apods 48le,11 semanas apos a infeccao
para os experimentos com TLR-2 e apo0s 48h e 8 smm@ara o estudo da proteina

MyD88. Usamos meio BHI suplementado da mesma faueso experimentm vitro.

3.2.4 Avaliag&o do tempo de sobrevida

Grupos de 8-12 animais foram infectados de@mbrasiliensisvia i.t. e foram

acompanhados quanto ao tempo de sobrevida.

3.2.5 Preparo de suspensdes de Leucacitos Infiltias de Pulméao (LIP)

As suspensoes celulares de linfécitos infiltramtegpulmao foram preparadas de
acordo com Huffnagle et al. (1991). Os pulm&esnforamovidos e digeridos por 60
minutos em tampéo de digestao contendo colagetasg/riL) e DNAse (30ug/mL).
Os linfécitos foram isolados por centrifugacdo eencBll — 20% (Pharmacia Biotech
AB, Uppsala, Sweden). As células foram contadasvealilidade determinada pela
marcacédo de azul de Trypan. Os eritrocitos foraadlhs com tampao de lise (cloreto de

amonio + TRIS) antes da marcagéo celular.

3.2.6 Citometria de fluxo para caracterizacdo de subpopwacdes celulares e
citocinas intracelulares

Células infiltrantes dos pulmdes (CANO et al., 20@0am obtidas nas segunda e
décima semanas apds infeccdo. A concentracdo rcétilajustada, e os linfécitos
foram adicionados & placas de fundo em U na quadeidle 1x1Dcels/poco. Em
seguida, as células foram ressuspensas em PBS{Ziéle) contendo soro fetal bovino

(SFB, 5%). As placas foram centrifugadas, os s@ut@mtes foram dispensados e 0 Ac
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marcado (2QL no titulo adequado) foi adicionado. Apoés inculmagér 20 minutos em
geladeira, as células foram lavadas, ressuspemsaBBS-azida e transferidas para
tubos de leitura de FACS. Todas as amostras foramtidas em banho de gelo e
protegidas da luz. As células marcadas foram aukss em citbmetro de fluxo FACS
Calibur (Becton-Dickison). Foram usados anticorpasrcados com isotiocinado de
fluoresceina, ficoeritrina ou outro fluorocromo (BBiociences) na combinagéo
adequada para a populacao celular a ser analisstagdores celulares de linfocitos:
anti- CD4, CD8, CD69, CD25, Foxp3, IL-17 e marcasocelulares de macrofagos:
CD11b, CD40, CD80, CD86 e MCH-II).

Para determinacdo dos niveis intracelulares deJexge IL-17 as células foram
tratadas com Perm/Wash Buffer (BD Biociences) patarar a permeabilidade da
membrana e o anticorpo poder fazer a marcacacitopéasmatica. Para dosagem de
IL-17 intracelular as células foram tratadas conmormeentendo 50ng/mL de Phorbol 12-
myristate 13-acetato (PMA), 500ng/mL de lonomicif&gma) e com Monensina

(3mM, eBioscience) por 6 horas, antes da marcacao.

3.2.7 Caracterizacao morfologica das populacdes akdres por citocentrifugacéo
Para contagem diferencial, amostras da suspenB#araabtida de acordo com
a técnica descrita no item 2.5. A concentracdolarefoi ajustada a 1xfcélulas em
100 uL de meio RPMI e centrifugadas em Cytospin (Shan@gtospin, Pittsburgh,
Pa.). As laminas foram coradas com corante HE ¢otahde 200 a 400 células foram

contadas em cada amostra.

3.2.8 Dosagem de citocinas e quimiocinas por ELIS#0s homogenatos de pulméo

A dosagem de citocinas (TNE-IFN-y, IL-4, IL-5, IL-10, IL-17, IL-23, IL-12,
IL-6 e TGF$) foi realizada no sobrenadante dos macerados @@®$ utilizados na
determinacdo de UFC dos animais, assim como a éosdgs quimiocinas MCP-1 e
KC. A presenca e concentracdo das citocinas foreterminadas por testes de ELISA
de captura, segundo metodologia sugerida pelo chite (BD Biosciences,
eBiosciences ou IBL). A reacéo foi interrompida carmadi¢cdo de acido sulfdrico 2N. A

leitura das densidades Opticas foi feita a 450 nm.
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3.2.9 Dosagem de NO
A concentracdo de nitritos no homogends$rgaos e sobrenadante foi utilizada
como indicadora de sintese de NO através do redev&riess, seguindo a mesma

técnica descrita para o experimemaitro.

3.2.10 Andlise histopatologica

Apoés 8 ou 11 semanas de infeccdo o pulméo esqaerdada camundongo foi
removido e fixado em 10% de formalina e embebidpamafina. Sec¢bes (5um) foram
coradas com Hematoxilina e Eosina (H&E) para aedss lesbes e com a coloracdo
Groccot para visualizar os fungos. A patologiadgealitativamente avaliada em relacéo

a formacéo de granulomas, densidade de célulasnatbrias e organizacéo da leséo.

3. 2.11 Deplecéo de Granulécitos
3.2.11.1 Deplecéo

Camundongos deficientes e normais para o TLR-Znfordepletados de
granuldcitos através da inoculacdo do anticorpo ational anti-PMN (clone RB6-
8C5) purificado (250pg/camundongo) gentilmente aedlielo Dr. Jualio Scharfstein da
Universidade Federal do Rio de Janeiro e pela Bes. de Almeida Abrahamsohn do
Instituto de Ciéncias Biomédicas da Universidade Sd® Paulo. O anticorpo foi
inoculado pela via i.p. 24 horas antes da inocolagdcom o fungo. A deplecéo foi
repetida nos dias 2 e 5 ap0s a infeccéo.

Os animais controle foram inoculados com IgG nbaeaato nos mesmo dias e

na mesma concentracao protéica do anticorpo mamaiclo

3.2.11.2 Avaliacéo da deplecao de leucocitos PMNs

O numero de leucécitos PMN foi avaliado antesrdtamento (tempo -1) e 24
horas apds a inoculagédo do AcM, imediatamente alatésoculacdo de leveduras o
brasiliensis(tempo zero). Foi coletado o sangue da caudardarecdongos de ambas as
linhagens, para contagem total e diferencial dosdeitos. A contagem global foi
realizada em camara de Neubauer e a diferenciéitaiem esfregago corada com HE
(Hematoxilina e Eosina - Newprov).
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3.2.11.3 Avaliacdo do tempo de sobrevida

Grupos de 8 animais depletados e ndo depletadBMbieforam infectados com
P. brasiliensisvia i.t. e foram acompanhados quanto ao tempambeegida. As mortes

foram registradas diariamente.

3.2.12 Determinacédo do nivel de anticorpos especis

Para determinar a resposta imune humoral dos animafectados
intratraquealmente com leveduras viaveidddrasiliensis amostras de sangue foram
obtidas nos diversos camundongos. Os anticorpas tespecificos anR- brasiliensis
e seus isotipos IgM, IgA, 1gG1, 1gG2a, IgG2b e IgféBam detectados pelo método
imunoenzimatico (ELISA) previamente preconizado apa@ste sistema antigeno-

anticorpo por Mendes-Giannini et @984 e modificado por Vaz et al., 1998.

3.2.13 Anélise estatistica
Os grupos tratados e nao tratados foram analigaelosteste de Student ou
analise de variancia, dependendo do numero de grédpmortalidade foi avaliada pelo

testeU de Mann-Whitney. O nivel de significancia foi akfio comop< 0,05.
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4 RESULTADOS

4.1 Estudo do receptor TLR-2 na paracoccidioidomicge pulmonar murina.
4.1.1In vitro
4.1.1.1Ensaio da Fagocitose

Os macréfagos peritoneais de animais TCR€ WT foram infectados com
leveduras viaveis do fungo (relacdo Pb/M@ de 1é2bye laminulas redondas em placa
de cultura de 24 pocos. Apés 4 horas de incuba@b®&® em estufa contendo 5% de
CO’ o sobrenadante foi removido e as laminulas foramadas e examinadas ao
microscépio 6ptico comum. Uma média de 1000 magoiafoi contada em cada
laminula para determinar o nimero de fungos aderdmu ingeridos apos as 4 horas de
incubacdo. Os resultados expressos na figura iranogjue macrofagos de animais
que expressam o0 TLR-2 normal tém maior capacidagleadkrir e/ou ingerir as
leveduras dd®. brasiliensiscomparando-se com os macréfagos de animais TLRG2
fendbmeno também ocorreu quando as culturas foraatrgiadas com IFN-(20.000

pg/mL), porém, neste caso, a diferenca néo fotisstamente significante.

4.1.1.2 Avaliacdo da atividade fungicida de macrofagos peneais e alveolares

atraveés da determinacéo de Unidades Formadoras deo(@®nia (UFC)

A figura 2 mostra um numero menor de fungos re@gues nas culturas de
macrofagos peritoneais dos camundongos deficieptasto a expressao do TLR-2. O
mesmo aconteceu quando os macrofagos foram padatvcom IFN¢ (20.000

pg/mL). Resultados semelhantes foram obtidos quatiizamos macréfagos

alveolares (figura 03).
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Figura 1. Avaliacdo de atividade fagocitica de macréfagoammais normais e deficientes para
o TLR-2. Os macréfagos peritoneais de animais TER-2VT (1x16 células/poco)
ativados ou ndo com IFN-(20.000 pg/mL) foram co-cultivados com leveduras
vidveis do P. brasiliensisem uma relagdo fungo/M@ de 1:50 sobre laminulas
redondas em uma placa de cultura de 24 pocos. Apbsras de incubagcdo o
sobrenadante do cultivo foi desprezado e as laadgrfigram coradas e examinadas
em microscopio optico. Uma média de 1000 M@ foitada e analisada o numero de
M@ com leveduras aderidas e/ou ingeridas. As bae@gsentam as média€P de
5 pocos por grupo ensaiado. O asterisco represdifteenca estatisticamente
significante entre os grupos ligados pela barra @P5).
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Figura 2. Avaliagdo da atividade fungicida de macréfagostpeeais atraveés da recuperagéo de
Unidades Formadoras de Coldnia (UFC)/mL apds 48h cdecultivo. As
monocamadas de macréfagos de ambas as linhaganstfatadas ou ndo com IRN-
(20.000pg/mL) e infectadas com R brasiliensisna propor¢do 1 fungo para 50
macrofagos apds 24h. O asterisco representa djferestatisticamente significante
entre os grupos (*P< 0,05).
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Figura 3. Avaliacdo da atividade fungicida de macrofagogalares através da recuperacao de
Unidades Formadoras de Coldnia (UFC)/mL apds 48h cdecultivo. As
monocamadas de macréfagos de ambas as linhaganstfatadas ou ndo com IRN-
(20.000pg/mL) e infectadas com R brasiliensisna propor¢do 1 fungo para 50
macrofagos apds 24h. As barras representam as sie@iB de 5 pogos por grupo
ensaiado. O asterisco representa diferenca esttignte significante entre os
grupos (*P< 0,05).

4.1.1.3Dosagem de NO

A figura 4 mostra que macrofagos provenientesateundongos deficientes
para o0 TLR-2 produziram concentracdes menores deeNOcomparacdo com 0S
camundongos selvagens. Isso ocorreu tanto nos ggponacréfagos apenas tratados
com IFNy, quanto nos grupos tratados com HrN-infectados com o fungo. Além
disso, a adicdo dB. brasiliensislevou a um aumento significativo na sintese de NO
guando comparamos com 0 grupo que nao recebewgo.flos grupos de macréfagos
sem tratamento e nos grupos apenas infectados doimgo, ndo houve producédo de
NO em ambas as linhagens estudadas (dados na@duosytrPara ambas as linhagens a
adicdo de IFN¢ levou a menor recuperacdo de fungos e maior sikledNO. Assim,
pode-se sugerir que 0 TLR-2 € um dos receptoreshedus no reconhecimento d&
brasiliensispor parte dos macrofagos peritoneais e é capdeskncadear a sintese de
NO. Contudo, é conveniente ressaltar que em anikvdis que produziram maiores
concentracdes de NO, recuperamos um numero maifunges, comparando-se com
os camundongos TLR?2 Mais uma vez, obtivemos resultados semelhantesdyp

trabalhamos com macréfagos alveolares (figura 05).
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Figura 4. Quantificagcdo de NO no sobrenadante de culturaatedfagos peritoneais de animais
TLR-2" e WT. Macréfagos foram cultivados com a adicdondio de IFNy
(20.000pg/mL) durante a noite. Algumas monocamadeas macréfagos foram
infectadas com ®.brasiliensisem uma propor¢do de 50 macrofagos para 1 fungo.
Apoés 48 horas de incubacdo a producdo de NO fdiageano sobrenadante do
cultivo. O grupo controle de macréfagos foi mamtisem tratamento, onde nao

houve produgéo de NO. O asterisco representa dgfarestatisticamente significante
(*P<0,05).
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Figura 5. Quantificacdo de NO no sobrenadante de culturaatgdfagos alveolares de animais
TLR-2" e WT. Macréfagos foram cultivados com a adicdondio de IFNy
(20.000pg/mL) durante a noite. Algumas monocamadeas macréfagos foram
infectadas com ®.brasiliensisem uma propor¢do de 50 macrofagos para 1 fungo.
Apoés 48 horas de incubacdo a producdo de NO fdiageano sobrenadante do
cultivo. O grupo controle de macréfagos foi mamtsem tratamento, onde nao
houve producéo de NO. Os dados representam a mé&tade 5 pocos por grupo. O
asterisco representa diferenca estatisticamemdisante (*P<0,05).
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4.1.1.4Producéo de citocinas

A producédo de IL-10 foi menor nas culturas de mi@agos provenientes de
animais que nao expressam o TLR-2, e 0 mesmo fem@mpermaneceu quando 0s
macrofagos destes animais foram estimulados comyJledmo demonstrado na figura
6. A producao de IL-10 foi ausente para as du&sgians no grupo controle onde havia
apenas macrofagos na cultura ou macréfagos pradatvcom IFNg.

Da mesma forma que para a citocina antinflamatéiri10, a producdo da
quimiocina MCP-1 apresentou-se em concentracOesdaias culturas de macrofagos
de animais TLR-2 deficientes, comparando-se comr@luygdo de macrofagos
provenientes de animais TLR-2 normais. A produggsiedmediador foi maior quando
0s macroéfagos foram apenas desafiados pelo fuegmparando-se quando foram pre-

ativados com IFN-e desafiados peB. brasiliensis

N&o houve diferenga na producdo de IL-12 e de -dNkas culturas de
macréfagos de ambos os grupos estudados. Em redacéocina IL-6, observamos
niveis maiores nas culturas de macrofagos proveEsate animais TLR-2 normais no
grupo controle, ou seja, apenas macréfagos narauiiados ndo mostrados). Quando
as culturas foram infectadas conf obrasiliensisos niveis de IL-6 foram maiores e 0s
animais TLR-2 normais continuaram a produzir niveaores desta citocinas quando
comparados aos animais TLR=2Entretanto, se a cultura foi antes primada coNwiF
o mesmo fenbmeno nao ocorreu Assim, pode-se supggrio Toll-Like receptor 2 € um
dos receptores envolvidos no reconhecimento Rdobrasiliensis por parte dos
macréfagos peritoneais e alveolares e é capazsgeckdear a sintese de citocinas.
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Figura 6. Quantificacdo de IL-10, MCP-1, IL-12, TNFe IL-6 na de cultura de macréfagos
peritoneais de animais normais e deficientes pafaR-2. Os macréfagos foram
cultivados com a adigédo ou n&o de If#K20.000 pg/mL) durante a noite. Algumas
monocamadas de macréfagos foram infectadas coRibeasiliensisem uma
propor¢do de 50 macrofagos para 1 fungo. Apos 4&shie incubacdo a producao
de citocinas foi avaliada no sobrenadante do aultivO grupo controle de
macréfagos foi mantido sem tratamento. Os dadagseptam a média EP de 5

pocos por grupo. Os asteriscos representam difeseggtatisticamente significantes
(* P<0,05).
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4.1.2 Experimentosn vivo
4.1.2.1 Avaliacdo do grau de infeccdo através de UFC obtidado macerado de

pulméo

A figura 7 mostra a média de UFC/g de tecidoigogo pulmédo dos animais
TLR-2" e WT obtidos apés 48 horas, 2 e 11 semanas d@deObservamos que em
todos os tempos de infeccdo houve diferenca noalerda carga fungica entre as duas
linhagens: houve um maior nimero de fungos recdpsra partir do macerado do
pulm@o dos animais que possuem o TLR-2 funciondb Nouve disseminacdo para
figado e baco em 48 horas e em 2 semanas de iofdegéietanto houve uma pequena
disseminacgédo para o baco apos 11 semanas de mfpogém sem diferenca estatistica

entre os grupos estudados (dados nao apresentados).
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Figura 7. Avaliacdo do grau de infec¢do através de Unid&aemadoras de Coldnia (UFC).
Os camundongos TLR2e WT foram infectados com 1X4@e leveduras dé.
brasiliensispela via i.t.. O grau de infeccdo foi determinag®s 48 horas, 2 e 11
semanas de infeccdo pela contagem de UFC. Ossasteniepresentam diferencas

estatisticamente significante (*P<0,05).
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4.1.2.2 Dosagem de NO

Na figura 8 temos a quantificacdo de NO presentemacerado dos pulmdes dos
animais TLR-Z" e WT apds 48 horas, 2 e 11 semanas de infeccdos@gem foi feita
imediatamente apds a coleta do sobrenadante doradaceA concentracdo de NO
encontrada foi maior no grupo de animais que espresTLR-2 comparando-se com o
grupo que nao apresenta o receptor. O fenOmenceoc@m todos os tempos de

infeccao.

NO
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M
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Figura 8. Quantificacdo de NO no macerado do pulmao de asifiiZR-2" e WT. Os animais
foram infectados com 1xideveduras deP.brasiliensisinoculadas pela via i.t. e
sacrificados apds 48 horas, 2 e 11 semanas de;d@ofe©s dados representam a
médiat EP de 6 animais por grupo. O asterisco represkfgieenca estatisticamente
significante (*P<0,05).
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4.1.2.3 Avaliacdo da atividade fungicida de leucdos Polimorfonucleares (PMNSs)
através da determinacado de Unidades Formadoras deo®nia (UFC)

Apos 15 dias de infeccdo pelo funBo brasiliensesanimais TLR-2KO e
WT sofreram o lavado bronco alveolar (LBA). Os l&titos PMNs obtidos do lavado
do LBA foram infectado vitro com o fungdP. brasiliensisna propor¢cao de 2 PMNs
para 1 fungo. Apos 1 hora de co-cultivo, 100 plLsdlcao foi plagueada em meio
BHI e observado o crescimento fangico através dadgdo de UFC. A figura 9 mostra
um numero semelhante de fungos recuperados nasrasultle leucocitos PMNs

alveolares dos camundongos deficientes e normaistgi expressao do TLR-2.

O mesmo resultado aconteceu quando trabalhamossdencocitos PMNs
peritoneais (figura 10), neste caso, grupos de @&rifLR-2 KO e WT receberam via
i.p. 1x10 leveduras nao viaveis dd brasiliensise apés 6 horas foi realizado o LP. Os
leucécitos PMNs obtidos do LP foram infectadositro com o fungdP. brasiliensisna
proporcdo de 2 PMNs para 1 fungo. Apoés 1 horaodeuttivo, 100 pL da suspenséo
foram plaqueados em meio BHI e observado o crestariangico através da formacao
de UFC. Tais resultados evidenciam que os leuéidNs de ambas as linhagens

possuem a mesma habilidade em controlar a cargec&ipulmonar.

51



PMN alveolar

8000
70001
60007
50001
40004
30004
20001
10001

UFC/mL

Figura 9. Avaliacdo da atividade fungicida de leucdcitos PMBlveolares através da
recuperacado de Unidades Formadoras de Colénia (BEGpOs 1h de co-cultivo.
PMNs recuperados do lavado bronco alveolar a mhetainimais infectados peh
brasiliensisapés 15 dias de infeccdo. Os PMNs foram reinfestadvitro com o
P. brasiliensisna proporcéo 1 fungo para 2 PMNs.
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Figura 10. Avaliacdo da atividade fungicida de leucécitos PMpkritoneais através da
recuperacdo de Unidades Formadoras de Colénia (0EGpOs 1h de co-cultivo.
PMNSs recuperados de camundongos 6 horas apés agacutle suspensédo morta
do P. brasiliensis.Células ndo aderentes foram infectadas cd®n larasiliensisna
proporc¢éo 1 fungo para 2 PMNs.
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4.1.2.4 Caracterizacdo morfoldégica das populacdeselalares infiltrantes dos
pulmdes

Células infiltrantes dos pulmdes foram obtidas eguada e na décima primeira
semana ap6s a infec¢do. A concentracdo celulajifsiada a 2 x f@élulas em 150 ul
de meio RPMI e centrifugadas em Cytospin. As lamifesiam coradas e um total de
200 a 400 células foram contadas em cada amosinao Gbservado na figura 11A, um
menor numero de macrofagos foi obtido a partir wlpenséo celular provenientes de
animais TLR-Zcomparando-se com o WT. Por outro lado, animais -ZLR
apresentaram maior namero de polimorfonuclearesN)P# linfécitos nos pulmdes,
comparando-se com 0s animais controles. Apos andégiimeira semana de infeccao,
como observamos na figura 11B, encontramos o mesmeero de macréfagos e de
linfocitos no infiltrado de pulméo entre as duahdigens, entretanto, animais TLR-2
apresentaram maior nimero de PMN comparando-se @oralor observado nos

animais WT.
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Figura 11. Caracteriza¢do morfoldgica das populagdes cehildeeLeucdcitos Infiltrantes de
Pulma&o (LIP) apés 2 (A) e 11 semanas (B) de infeeré animais TLR-2e WT.
Os dados representam a médiaEP de 6 animais por grupo. Os asteriscos
representam diferencas estatisticamente signiéo@R<0,05).
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4.1.2.5 Estudo do efeito da deplecdo de leucécitBMNs em animais normais e
deficientes para o TLR-2.

Com os resultados mostrados até agora observaon®®g animais TLR-2-
deficientes apresentaram uma menor carga fungidemopar em relacdo aos
camundongos normais e esta maior carga fangicaaeatampanhada com um ndmero
maior de PMNs no infiltrado pulmonar. Para elucidarhavia alguma relacdo entre
menor carga fungica devido ao maior afluxo de dilds, prosseguimos com
experimentos de deplecdo de PMNs. Animais TLR-2mas e deficientes foram
tratados com anticorpos anti-PMN um dia antes tecgdio peldP. brasiliensise nos
dias 2 e 5 pos infecgdo; foram entdo observadosektéo a carga fungica pulmonar e

o tempo de sobrevida.

4.1.2.5.1 Avaliagdo da deplecgéo

O numero total de granulécitos e de leucdcitos PfdNavaliado antes do
tratamento (tempo -1) e 24 horas ap0Os a inoculdgdAcM, imediatamente antes da
inoculacéo de leveduras &o brasiliensigtempo zero). Foi coletado o sangue da cauda
de camundongos de ambas as linhagens, para contagame diferencial dos
leucécitos. A contagem global foi realizada em a@de Neubauer e a diferencial foi
feita em extenséo sanguinea corada com Gimsa.

Antes do tratamento com o anticorpo anti-PMN, aénWT apresentaram 10,1
x10° (+ 2,4 x16) células na contagem global. Destas células, 1#n deucdcitos
PMN; animais TLR-2 apresentaram neste tempo 9,98 (11,8 x10) células totais e
destas células 22% eram leucdcitos PMN. No dia, zg70s a inoculacédo do anticorpo
anti-PMN e imediatamente antes da infeccdo pelgdun procedimento foi repetido.
Neste caso, animais WT apresentaram 2,9 2,9 x16) células totais e destas
células o total de PMN correspondia a 5% das ®lu@s animais TLR-2KO
apresentaram 3,3 x1@+ 0,8 x16) células na contagem global e destas células 3%
correspondiam a leucocitos PMN.

No grupo animais controle, tratado com anticoig@ hormal de rato 0 mesmo
procedimento foi realizado. Neste caso, animais &@fesentaram 12,3 x1Q+ 0,7
x10°) células totais e destas células 17% correspondideucdcitos PMN, enquanto
que, para os animais TLR-2KO encontramos 9,7L tA®,7 x10) e destas células

24% corresponderam a leucdcitos PMN.
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Para ambos os grupos, o procedimento foi repefids a terceira inoculacdo do
anticorpo anti-PMN e com IgG normal de rato. Reslds semelhantes aos descritos
acima foram encontrados, evidenciando a eficiémmaanticorpo em depletar os

leucécitos PMN.

4.1.2.5.2 Avaliacdo da carga fangica por UFC.

Grupos de animais normais e deficientes para o-7 teatados com a AcM anti-
PMN ou IgG normal e infectados com o furigobrasiliensiforam sacrificados apés 2
e 6 dias de infeccdo. Como observado na figura dBMais deficientes para o TLR-2
apresentaram, apds dois dias de infec¢do, uma rnocanga fungica em relacdo aos
animais normais para o TLR-2, quando ambas asdersaforam tratadas com IgG
normal de rato. Por outro lado, quando estas liaehsgofreram deplecdo de PMNs foi
observado um aumento da carga flungica nos animds2Tdeficientes. Nao houve
alteracdo na carga fungica pulmonar entre animais2-normais quando tratados com
anticorpo IgG normal e quando depletados com avitiP Resultados equivalentes
foram observados apo0s 6 dias de infeccdo, como mmdo na figura 12B. Estes
resultados evidenciam o papel dos leucécitos PMNcowtrole da carga fungica

pulmonar nos animais TLR-2-deficientes.
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Figura 12. Efeito da deplecdo de leuc6citos PMN no grau decg@io de animais TLR-2
normais e deficientes apés a infeccao pelobrasiliensis Ambas as linhagens
foram tratadas com AcM anti-PMN nos dias -1, 2 eublgG normal de rato. A
infeccdo com 1x10do P. brasiliensisfoi no dia zero e o grau de infecgéo avaliado
no dia 2 (A) e no dia 6 (B) por determinacdo de URE barras representam as
médiast EP dos grupos ensaiados. O asterisco represéatardia estatisticamente
significante entre os grupos ligados pela barréR%/ 0,05).
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4.1.2.5.3 Tempo do Sobrevida

Grupo de 8 animais TLR-2 normais e deficientesatias com AcM anti-PMN e
infectados i.t. com o fungo. Prasiliensisassim como 6 animais controle, tratado com
IgG normal e infectados com o fungo foram obsersatioante um periodo de 10 dias,
sendo registrados o tempo de sobrevida para cadgalgiem dias).

Como observado na figura 13, houve a morte derguatimais TLR-2-
deficientes depletados com o anticorpo anti-PMNo NGuve morte entre os animais
WT e depletados de PMN. Nos grupos tratados comhg@ve apenas uma morte entre
0s animais TLR-2- normais. Assim, ap6s 10 dias likewvacdo houve mortalidade de
50% dos animais somente no grupo de TLR-2-defiefetriatados com anti-PMN. A
analise estatistica destes dados (método de copdpacke curvas de sobrevida pelo
Logrank) demonstrou que a sobrevida dos animais-JZ4ddeficientes tratados foi
significativamente menor do que dos animais WT etados de PMN (p=0,045). Em
relacdo ao grupo de animais tratados com IgG noimnabservada apenas uma morte
no periodo estudado. Nao houve assim, diferengampo de sobrevida entre animais

TLR-2 normais e deficientes.

100+ —=—WTIgG
E. i — TLR2KO IgG

(8]

g 754 —— WT anti-PMN

o —— TLR2KO anti-PMN
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3 504 | S Sy

()

©
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Figura 13. Tempo de sobrevida de camundongos TLR-2 normalsfieientes tratados com
AcM anti-PMN e infectados com 1xi®eveduras do fung®. brasiliensis(n=8
camundongos/linhagem) e camundongos infectadositados com 1gG de rato
como controle (n=6 camundongos/linhagem). (* P<0,05
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4.1.2.6 Dosagem de citocinas no homogenato do pubma

A figura 14 mostra a producéo de algumas citocifes (IL2, IL-12, TNFa e
IFN-y) no homogenato do pulmédo de camundongos aposrd8,i2 e 11 semanas de
infeccdo com d°. brasiliensis.Pode-se verificar que camundongos TLR-2-normais e
TLR-2-deficientes produziram niveis semelhantedadesitocinas. Com excecao da
citocina IL-12, que foi encontrada em niveis mesane homogenato do pulméo de
animais TLR-2-deficientes ap6s 11 semanas de i@fecEncontramos também, um
padrdo semelhante de producéo de citocinas ThZ,(IL-5 e IL-10) no homogenato do
pulmao das duas linhagens apés 48 horas e 2 sengmird#eccdo. Quando trabalhamos
com tempo longo de infeccdo, observamos menoressmie IL-10 no homogenato de
pulm&o dos animais TLR-2-deficientes (figura 15).

Em relacdo as citocinas relacionadas com o padraesposta Th1l7 (IL-17, IL-
23, IL-6 e TGFB) verificamos que apos 48 horas de infeccdo os a@siMLR-2-
deficientes produziram maiores niveis de IL-17 eFPG Na segunda semana, além
destas, IL-6 e IL-23 também ocorreu em niveis nesigresta mesma linhagem. Ja na
décima primeira semana, niveis semelhantes desstasnas ocorreram em ambas as
linhagens, com excecédo da IL-23, que continuou eiomn®s niveis em animais TLR-2-

deficientes (figura 16).
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Figura 14. Quantificacdo de IL-12, TNE; IL-2 e IFNy em homogenato de pulmao de animais
TLR-2-KO e WT apo6s 48 horas, 2 e 11 semanas de infeccdobafss

representam as médias EP de 6 animais por grupo. O asterisco representa
diferenca estatisticamente significante entre apag (*P< 0,05).
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Figura 15. Quantificacdo de IL-4, IL-5 e IL-10 em homogendopulmao de animais TLR-2-
KO e WT apds 48 horas, 2 e 11 semanas de infec¢cibaras representam as

médias + EP de 6 animais por grupo. O asterisco represelifirenca
estatisticamente significante entre os grupos @/Ss).
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Figura 16. Quantificacdo de TGB; IL-6, IL-23 e IL-17 em homogenato de pulmao dareis
TLR-2-KO e WT ap6s 48 horas, 2 e 11 semanas de infeccaobafims

representam as médias EP de 6 animais por grupo. O asterisco representa
diferenca estatisticamente significante entre apag (*P< 0,05).
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4.1.2.7 Dosagem da quimiocina KC e MCP-1 em homogens do pulméo

Em experimentos anteriores verificamos que houwe maior afluxo de
neutréfilos para os pulmdes de animais deficiepgga o TLR-2. Como o recrutamento
de neutréfilos pode ser dependente de uma quinaioC€@XC, prosseguimos com
pesquisa da quimiocina KC, uma quimiocina CXC, monbgenato do pulmao de
animais normais e deficientes para o TLR-2 e iafd@$ com o fung®. brasiliensis
Além disso, houve diferenca na migracdo de macodfggra o local da infeccdo. Com
menor afluxo destas células para o pulméo dos animaR-2" quando comparados ao
grupo controle. Assim, também dosamos o0s niveisI@®-1, quimiocina relacionada
com a migracdo de mondcitos para o sitio inflan@atémos pulmbes dos grupos
estudados.

Como mostrado na figura 17, encontramos maioressda quimiocina KC em
homogenatos do pulmédo de animais deficientes pafdaRy2, 0 mesmo grupo que
apresentou maior afluxo de neutréfilos no infilmazklular dos pulmdes. Em relacéo a
MCP-1, encontramos niveis menores desta quimiaoindomogenato do pulméao de
animais TLR-Z, os mesmos gue apresentaram menor afluxo de ragog)f como

demonstrado na figura 18.
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Figura 17. Quantificacdo da quimiocina KC em homogenato dmfia de animais TLR-2-KO
e WT ap6s 2 e 11 semanas de infecgdo. As bapassentam as médiaEP de

6 animais por grupo. O asterisco representa difer@statisticamente significante
entre os grupos (*P< 0,05).
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Figura 18. Quantificacdo da quimiocina MCP-1 em homogenatpudmado de animais TLR-2-
KOe WT ap6s 2 e 11 semanas de infeccdo. As bapassentam as médiagP

de 6 animais por grupo. O asterisco representaredifa estatisticamente
significante entre os grupos (*P< 0,05).
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4.1.2.8 Citometria de fluxo para caracterizacdo desubpopulacdes celulares no
infiltrado inflamatorio dos pulmdes

Células infiltrantes dos pulmdes dos pulsnfeam obtidas na segunda e na
décima primeira semana apds infeccdo. A concemtraghilar foi ajustada a 1x10
cels/mL e marcadas com Ac no titulo previamenterdehado e na combinagao
adequada para a populacgéo celular a ser estudan @servado na Figura 19A, ap6s
a segunda semana de infeccdo nédo houve diferengxprassdo dos marcadores
celulares CD11b, CD80, CD86, CD40 e la (MHC-classeDo mesmo modo, apos a
décima primeira semana de infec¢do animais TLRfi2idates e normais apresentaram

a mesma frequéncia dos marcadores estudados.

Em relacdo as populacdes linfocitadaservamos um namero semelhante de
células T CD4 e TCD8 nas suspensdes celularesmpemtes de animais TLRD2e WT
apés a segunda semana de infec¢do (Figura 20A)tehpo longo de infecgéo
observamos maior nimero de linfocitos T CD4, T C@8linfécitos ativados CDZ2%
de linfécitos T CD8CD69 nos animais TLR-2-normais quando comparados as

populagdes celulares de animais TLR(Eigura 20B).
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Figura 19. Caracterizacdo da expressado de marcadores defagspresentes nos Leucécitos
Infiltrantes de Pulméo (LIP) por citometria de fugpés a de animais TLR:2

WT; A: 2 semanas; B: 11 semanas de infeccéo .
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Figura 20. Caracterizacdo da expressao de marcadores depsidpies de linfécitos presentes
nos Leucodcitos Infiltrantes de Pulmao (LIP) porogietria de fluxo apés a de
animais TLR-Z e WT; A: 2 semanas; B: 11 semanas de infeccéo.

67



4.1.2.9 Caracterizagao intracelular da expresséao datocina IL-17.

Células dos pulmdes obtidas como descrito no itéh® 3o material e métodos
foram, apds 72 horas e 2 semanas de infeccdo,uastias com PMA, ionomicina e
tratadas com monensina durante 6 horas. A seguicéllas foram marcadas com
anticorpos previamente titulados para linfocitosCD4 e CD8, assim como para
citocina IL-17. Osdot plotsindicados na figura 21 demonstram que tanto apos 7
horas de infeccdo, como apés 2 semanas, houve @ioa porcentagem de linfocitos
TCD4 produtores de IL-17 nos pulmdes de animais -2ER quando comparado ao
grupo controle. Os graficos a direita demonstramiimero absoluto de células, animais
TLR-2"" também apresentaram maior niimero de células TIC0Z* em comparacéo

com os animais TLR-2-normais.

A figura 22 indica que apés 72 horas de infec¢cdoequéncia de linfocitos
TCDS'IL-17" foi semelhante entre as duas linhagens estudadass 2 semanas de
infeccdo houve uma maior freqiiéncia destas céhdssanimais TLR-2. Contudo,
quando estudamos o nimero absoluto de célulascaenids que ndo havia diferenca no

namero total de linfocitos TCDB.-17" no local da infecg&o.
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Figura 21. Caracterizacdo da frequéncia da expressdo dainetaotracelular IL-17 por
linfécitos T CD4 presentes em Leucdcitos Infiltesmtde Pulmao (LIP) por
citometria de fluxo ap6s 72 horas e 2 semanasnflecgdo peldP. brasiliensis
em animais TLR-2 e WT. Nos gréaficos a direita, representacdo doemdm
absoluto de linfécitos T CD4 produtores de IL-17. &Sterisco representa
diferenca estatisticamente significante entre apag (*P< 0,05).
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Figura 22. Caracterizacdo da freqiéncia da expressao dainetootracelular IL-17 em
linfécitos T CD8 presentes em populacdes celuldeskeucdcitos Infiltrantes de
Pulmao (LIP) por citometria de fluxo apds 72 hadssemanas de infeccéo pelo
P. brasiliensisem animais TLR-2e WT. Nos gréficos a direita, representacéo
do nimero absoluto de linfécitos T CD8 produtoresldl?.
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4.1.2.10 Caracterizacdo da presenca de células Tgtdadoras

Células infiltrantes dos pulmdes foram obtidas eguada e na décima primeira
semana de infeccdo. A concentracdo celular foitajasa 1x10cels/mL e marcadas
com Ac (anti-CD4, CD25 e FoxP3) na titulacdo adedqua Para determinacdo dos
niveis intracelulares de Foxp3 as células forammpabilizadas e o anticorpo pdde fazer
a marcacao intracitoplasmatica. Como observadagoeaaf 23, na segunda semana de
infeccdo ndo houve diferenca entre os grupos edtgdam relacdo ao numero de
células expressando FoxP3, um tipico marcador ld&ce reguladora (Treg). Contudo,
apos 11 semanas de infeccdo animais TURfiresentaram menor ndmero de células

expressando este marcador, quando comparado am @yafvole.
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Figura 23. Analise da expresséo do fator de transcricdo Fex®&xsudatos inflamatérios de
animais TLR-Z e WT ap6s a segunda e décima primeira semanafezan. A
porcentagem de células que expressam Foft3btida a partir de ungate de
populacdes celulares CO@D25 e calculado em relacdo ao total de linfécitos T
CD4" O asterisco representa diferenca estatisticanségnéficante entre os grupos
(*P< 0,05).
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4.1.2.11 Dosagem de anticorpos

A resposta imune humoral dos animais TLR€ WT infectados com o fungo
foi avaliada pela producédo de anticorpos &htibrasiliensis(lg total e os diferentes
is6tipos). Assim, ap0s 11 semanas de infeccdonmsasgs foram anestesiados, suas
artérias e veias axilares seccionadas e coletadasti@s do sangue para obtencao do
soro; as amostras foram estocadas a -20 °C aténtento da deteccdo dos niveis de
anticorpos por ELISA.

Como o indicado na figura 24, os animais TI_'R-apresentaram titulos
semelhantes de anticorpos comparando-se com tmstita anticorpos encontrados no
soro de animais que expressam o TLR-2 funcional.
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Figura 24. Quantificacdo de anticorpos séricos (IgG totaGlglgG2a, 1gG2b, 1gG3, IgM e
IgA) ap6s 11 semanas de infeccdo de animais TLR-2VT. Os animais foram
infectados com 1xfOleveduras deP.brasiliensis inoculadas pela via i.t. e
sacrificados. Os dados representam a me&R de 5 animais por grupo.
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4.1.2.12 Sobrevida

Grupos de 12 animais TLRE2e 12 animais WT foram infectados com
leveduras viaveis dB. brasiliensise observados durante um periodo de 250 dias, sendo
registrado o tempo de sobrevida (em dias) para@aidaal.

Como observado na figura 25 a mortalidade dosa@rilVT inicia-se no dia 77
e no dia 150 nos animais TLR=2 Apds 250 dias, 3 animais TLR-2Zcontinuavam
Vivos, enquanto que todos os animais WT morrerarandlise estatistica destes dados
de sobrevida (método de comparacdo de curvas devsidd pelo teste de Logrank)
demonstrou ndo haver diferencas estatisticas esitgeupos estudados. O tempo médio

de sobrevida foi de 221 dias para os animais TCR-Be 195 dias para os animais WT.
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Figura 25. Tempo de sobrevida de camundongos TI'Re2WT infectados pela via i.t. com

1x1C leveduras viaveis d@. brasiliensis(n = 10-12 camundongo/linhagem). A

sobrevida dos animais foi acompanhada por 250 @iasxperimento foi repetido
duas vezes com resultados semelhantes.
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4.1.2.13 Analise histopatologica

Apés 11 semanas de infeccdo o pulmédo esquerdo die camundongo foi
removido e fixado em 10% de formalina e embebidpamafina. Sec¢bes (5um) foram
coradas com Hematoxilina e Eosina (H&E) para aealss lesdes e com a coloragcao
Groccot, para visualizar os fungos. Verificamos, qeste periodo de infec¢do, apesar
da menor carga fingica encontrada nos animais TLRAZo houve diferenca na
gravidade das lesbes entre animais TLR-2 deficseat® grupo controle. Ambas as

linhagens apresentaram lesdes extensas e confu@tepando quase todo o

parénquima pulmonar que apresentou também um e@euadero de leveduras (figura
26).

Figura 26. Fotomicrografias de les6es pulmonares de animais2Z-normais (A e C) e TLR-
2-deficientes (B e D) ap0s 11 semanas de infeag@oocfungoP. brasiliensis
H&E (A e B; 100x) e Groccot (C e D; 100x).
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4.2 Influéncia da molécula adaptadora MyD88 na PCM
4.2.11nvitro
4.2.1.1 Ensaio da Fagocitose

Os macrofagos peritoneais de animais MyD88KO e fardm desafiados com
leveduras ndo viaveis do fungo previamente marcadas iodeto de propidio (PI)
(relacdo Pb/M@ de 1/1) por 2 horas. Apés este gerés céelulas foram recolhidas das
placas de 24 pocos, ajustadas em 1%nil0 e marcadas com anti-CD11b (FITC). A
leitura foi realizada imediatamente apos a marcagd@ACs Calibur. O  resultado
representativo de um experimento expresso na figjirdemonstra que macréfagos de
animais MyD88KO competentes apresentaram menorciciuee de aderir e/ou ingerir
as leveduras nao viaveis d@d brasiliensiscomparando-se com os macrofagos de
animais MyD88 competentes. O fenbmeno também acauando as culturas foram

pré-tratadas com IFN-
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Figura 27. Avaliacdo de atividade fagocitica de macrofagosmienais normais e deficientes
para a proteina MyD88. Os macrofagos peritoneaianimais MyD88KOe WT
(1x1® células/poco) ativados ou ndo com IFNR0.000 pg/mL) foram co-
cultivados com leveduras néo viaveis Rlobrasiliensismarcados com Pl em uma
relacdo fungo/M@ de 1:1. Ap6s 2 horas de incubacgobrenadante do cultivo foi
desprezado e as células recolhidas e marcadas @A 1b (FITC). A leitura
foi realizada imediatamente apés a marcacao no Fxgibur. Em A temos um dot
plot representativo de culturas ndo tratadas cdWaytFna figura B, os macréfagos
foram primados com esta citocina. Na figura C teraomédia de macréfagos
contendo Pb-Pl em cada grupo. O asterisco repeeshferenca estatisticamente
significante entre os grupos estudados (*P< 0,05).
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4.2.1.2 Avaliacdo da atividade fungicida de macréfps peritoneais através da
determinacao de Unidades Formadoras de Col6nia (URC

A figura 28 mostra um numero maior de fungos recagos nas culturas de
macrofagos peritoneais dos camundongos deficianiaato a expressdo da proteina
MyD88. O mesmo aconteceu com macrofagos pré-atsvadm IFNy (20.000 pg/mL),
porém neste tratamento observamos uma menor aangec& em ambas as linhagens

em comparacao aos grupo que nao foram tratadogstancitocina.
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Figura 28. Avaliagdo da atividade fungicida de macrofagostgeeais atraveés da recuperagéo
de Unidades Formadoras de Colbnia (UFC)/mL apds d&hco-cultivo. As
monocamadas de macréfagos de animais WT e MyD8&Kanht tratadas ou nao
com IFN« (20.000pg/mL) e infectadas conPo brasiliensisna propor¢édo 1 fungo
para 25 macrofagos apos 24h. O asterisco represéete@nca estatisticamente
significante entre os grupos (*P< 0,05).
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4.2.1.3 Dosagem de NO

A figura 29 mostra que macréfagos provenientesateundongos deficientes
para a proteina MyD88 produzem concentracdes resm NO em comparacdo com
0s macréfagos de camundongos selvagens. Isso o¢ant® nos grupos de macrofagos
apenas tratados com IFN-quanto nos grupos tratados com HN-infectados com o
fungo. Além disso, a adigdo d® brasiliensislevou a um aumento significativo na
sintese de NO quando comparamos com 0 grupo queec@beu o fungo. Nos grupos
de macréfagos sem tratamento e nos grupos apdeatados com o fungo, ndo houve

producdo de NO em ambas as linhagens estudadas.
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Figura 29. Quantificagdo de NO no sobrenadante de culturanaler6fagos peritoneais de
animais MyD88KQCe WT. Macréfagos foram cultivados com a adicam@o de
IFN-y (20.000pg/mL) durante a noite. Algumas monocamattasnacrofagos
foram infectadas com B.brasiliensisem uma proporcao de 50 macrofagos para
1 fungo. Ap6s 48 horas de incubacdo a producdo @efdl avaliada no
sobrenadante do cultivo. O grupo controle de nfagos foi mantido sem
tratamento, onde nao houve producdo de NO. Os dafdmssentam a médiaEP
de 5 pocos por grupo. O asterisco representa difareestatisticamente
significante (*P<0,05).
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4.2.2 Experimentosn vivo
4.2.2.1 Estudo da fase aguda
4.2.2.1.1Avaliacdo do grau de infeccao atraves de UFC

A figura 30 mostra a média de UFC/g de tecido;(ogo pulmao dos animais
MyD88KO e WT obtidos apds 48 horas de infeccdo.e@l@snos que neste tempo de
infeccdo houve maior carga flngica a partir do maat® do pulmdo dos animais
MyD88KO. Nao houve disseminacdo para figado e begbe tempo de infeccdo em

ambas as linhagens estudadas.

4.2.2.1.2Dosagem de NO

Na figura 31 temos a quantificacdo de NO preseoteomogenato dos pulmodes
dos animais MyD88KO e WT apos 48 horas de infecgdiodosagem foi feita
imediatamente apdés a coleta do homogenato. A cobmgéo de NO encontrada foi
maior no grupo de animais que apresentam a sigabizeia MyD88 comparando-se

com 0 grupo que ndo apresenta esta proteina.
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Figura 30. Avaliacdo do grau de infeccdo através de Unid&adesiadoras de Colbénia (UFC).
Os camundongos MyD88K®WT foram infectados com 1x%.6e leveduras db.
brasiliensispela via i.t.. O grau de infec¢do foi determinaajms 48 horas de
infeccdo pela contagem de UFC. O asterisco repieshiferenca estatisticamente
significante (*P<0,05).

NO 48 Horas

Nitrit o (uM)

C57 WT MyD88KO

Figura 31. Quantificacdo de NO no homogenato dos pulmdesiteass MyD88KOe WT. Os
animais foram infectados com 1Xl16veduras d@.brasiliensisinoculadas pela via
i.t. e sacrificados apés 48 horas de infeccdo.ddeslrepresentam a médi&P de
6 animais por grupo. O asterisco representa diferestatisticamente significante
(*P<0,05).
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4.2.2.1.3Dosagem de citocinas no homogenato do pulméo

A figura 32 mostra a producéo de algumas citocimabomogenato do pulméao
de camundongos apds 48 horas de infec¢do cBrboasiliensis Apos este periodo de
infeccao, niveis semelhantes de IL-10, T M:-6, IL-17, IL-23, IFN< e TNFa foram
encontrados no homogenato pulmonar de animais @erdeficientes para a proteina
MyD88. Em relagéo a IL-12 encontramos niveis mehdesta citocina nos pulmdes de
animais MyD88KO.
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Figura 32. Quantificacdo de TNlk; IFN-y , IL-12, IL-10, TGF$, IL-6, IL-17 e IL-23 em
homogenato de pulméo de animais MyD88&K®@/T apos 48 horas de infecgédo. O
asterisco representa diferencga estatisticamemdisante (*P<0,05).
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4.2.2.2 Estudo da fase cronica
4.2.2.2.1Avaliacdo do grau de infeccao através de UFC

A figura 33 mostra a média de UFC/g de tecido;gogo pulmao, figado e baco
dos animais MyD88KO e WT obtidos ap6s 8 semanamfdecdo. Observamos que
neste tempo de infeccdo maior carga fungica arphrtmacerado do pulmdo, figado e
baco dos animais MyD88KO. Deve-se destacar a difaredlo nimero de fungos
observados no figado de animais deficientes e nsynms animais MyD88KO
apresentaram cerca de 64¢9¢l milhdo de vezes) mais fungos que os camundongos
controle. Ndo houve disseminagdo para o figado atosmais WT neste tempo de
infeccao.
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Figura 33. Avaliacdo do grau de infeccdo através de Unid&adesiadoras de Colbénia (UFC).
Os camundongos MyD88K®WT foram infectados com 1x%.6e leveduras db.
brasiliensispela via i.t.. O grau de infec¢do foi determinagms 8 semanas de
infeccdo pela contagem de UFC. O asterisco remigeskferenca estatisticamente
significante (*P<0,05).
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4.2.2.2.2Dosagem de NO

Na figura 34 temos a quantificacdo de NO preseatenacerado dos pulmdes,
figado e baco dos animais MyD88KO e WT apds 8 samda infeccdo. A dosagem foi
feita imediatamente apds a coleta do sobrenadanteagerado. Apesar da maior carga
fungica nos pulmdes de animais MyD88KO, encontraswsentracfes semelhantes
de NO nos pulmdes de ambas as linhagens estuddmasmaior concentragédo de NO
foi encontrada apenas no figado do grupo de anikhgB88KO, comparando-se com o

grupo controle. Ndo houve deteccao de NO no bagonias as linhagens.
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Figura 34. Quantificacdo de NO no homogenato dos pulmdesdfige baco de animais
MyD88KO e WT. Os animais foram infectados com 1x16veduras de
P.brasiliensisinoculadas pela via i.t. e sacrificados apos 4&$de infeccdo. Os
dados representam a médicEP de 6 animais por grupo. O asterisco representa
diferenca estatisticamente significante (*P<0,05).
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4.2.2.2.3Dosagem de citocinas

A figura 35 mostra a producéo de algumas citocimabomogenato do pulméao
de camundongos ap0s 8 semanas de infeccdo d®nbrasiliensis.Pode-se verificar
que camundongos de ambas as linhagens produzinzis rsemelhantes de TNk -
IFN-y e IL-6. Contudo, niveis menores de IL-12, IL-4;9LIL-10, TGF$, IL-17 e IL-
23 foram encontrados no homogenato de pulméo d@masniMyD88KO quando
comparado ao grupo controle. A analise do homogedat figado revelou niveis
menores de IL-12, IL-4, IL-5, IL-10, TGB:IL-6, IL-17, IL-23 nos animais MyD88KO
como demonstrado na figura 36. A analise do homatgede bacgo revelou niveis
menores de TNk em animais MyD88KO associado com niveis maioresLel0,

guando comparado ao grupo controle (figura 37).
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Figura 35. Quantificagdo de TNk; IFN-y , IL-12, IL-4, IL-5, IL-10, TGF§, IL-6, IL-17 e IL-
23 em homogenato de pulmdo de animais MyD8&8K®@T apds 8 semanas de
infeccdo. O asterisco representa diferenca egtatisente significante (*P<0,05).
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Figura 36. Quantificacdo de TNk; IFN-y , IL-12, IL-4, IL-5, IL-10, TGF§, IL-6, IL-17 e IL-
23 em homogenato de figado de animais MyD88K®W/T apds 8 semanas de
infecgdo. O asterisco representa diferencga dstatisente significante (*P<0,05).
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Figura 37. Quantificagcdo de TNk; IFN-y , IL-12, IL-4, IL-5, IL-10, TGF§, IL-6, IL-17 e IL-
23 em homogenato de baco de animais MyD88K®@/T ap6s 8 semanas de
infeccdo. O asterisco representa diferenca dstatisente significante (*P<0,05).
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4.2.2.2.4Citometria de fluxo para caracterizacao de subpopuacdes celulares
Células infiltrantes dos pulmdes foram déxi na oitava semana apds infecgéo. A

concentracdo celular foi ajustada a 1xteéls/mL e marcadas com Ac no titulo
previamente determinado e na combinacao adequadaappopulacao celular a ser
estudada. Como observado na Figura 38, houve metorero de células que
expressam CD11b no infiltrado celular dos animay®©BBKO, além de menor nimero
de células duplo-positivas CD11dk" e CD11BCD40" . Ndo observamos diferencas
no nimero de células CD1ldue expressam CD80, TLR-2, TLR-4 e Dectina-1 essre
duas linhagens estudadas.

Em relagdo as populacdes linfocitdnlaservamos um menor numero de células
T CD4, assim como um menor numero de células queessam o marcador de
ativacdo CD25 e de linfocitos duplo-positivas T COB25 nas suspensdes celulares
provenientes de animais MyD88KO comparando-se coimmas WT (Figura 39). O
namero de linfocitos T CD8 e de linfécitos T CD8vatlos (CD8CD69) foi

encontrado em namero semelhante nas duas linhageradas.
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Figura 38. Caracterizacdo do nimero e expressao de marcatoreacréfagos em Leucécitos
Infiltrantes de Pulméo (LIP) por citometria de ftugde animais MyD88K@ WT
apés 8 semanas de infeccdo. O asterisco repmeddatenca estatisticamente
significante (*P<0,05).
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Figura 39. Caracterizacdo do nimero e expressdo de marcadirasocitos em Leucécitos
Infiltrantes de Pulméo (LIP) por citometria de ftugde animais MyD88K@ WT
ap6s 8 semanas de infecgdo. O asterisco repreddatanca estatisticamente
significante (*P<0,05).
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4.2.2.2.5Caracterizagdo morfoldgica das populagdes celulares

Células infiltrantes dos pulmd&es foram obtidas iteva semana apos a infecgéo.
A concentracdo celular foi ajustada a 2 X t8lulas em 150 ul de meio RPMI e
centrifugadas em Cytospin. As laminas foram coradam total de 200 a 400 células
foram contadas em cada amostra. Como observadgura 40, nimero semelhante de
macrofagos e linfécitos foram observados nas sg§gsncelulares provenientes de
animais MyD88KO e as do grupo controle. Por outdo| animais MyD88KO

apresentaram menor afluxo de leucécitos polimodtaares para os pulmées (PMN).
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Figura 40. Caracteriza¢cdo morfoldgica das populagdes cehildeeLeucdcitos Infiltrantes de
Pulmé&o (LIP) ap6s 8 semanas de infeccdo em anivhdis88KO e WT. Os dados

representam a médiaEP de 6 animais por grupo. O asterisco represkfgi®nca
estatisticamente significante (*P<0,05).
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4.2.2.2.6Caracterizacdo da presenca de células T reguladoras

Células infiltrantes dos pulm&es foram obtidas ib@ava semana de infecgéo. A
concentracéo celular foi ajustada a 13ads/mL e marcadas com Ac (anti-CD4, CD25
e FoxP3) na titulacdo adequada. Para determirdagiaiveis intracelulares de Foxp3
as células foram permeabilizadas e o anticorpo pddeer a marcacdo
intracitoplasmatica. Como observado na figura 4live menor expressao do fator de
transcricdo FoxP3, um tipico marcador de céluleeguladora (Treg), no infiltrado

celular de animais MyD88KO quando comparado aog@uogmntrole.
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Figura 41. Analise da expressédo de FoxP3 em células do exsudamatério pulmonar de
camundongos MyD88K®@ WT apds a oitava semana de infeccdo. A porcemtage
de células que expressam FoXR@i obtida a partir de ungate de populacdes
celulares CDACD25 e calculado em relacdo ao total de linfécitos T4ACDO
asterisco representa diferenca estatisticameméisante (*P<0,05).
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4.2.2.2.7Sobrevida

Grupos de 8 animais MyD88 deficientes e 8 aninféisforam infectados com
leveduras viaveis dB. brasiliensise observados durante um periodo de 70 dias, sendo
registrado o tempo de sobrevida (em dias) para@aidaal.

Como observado na figura 42, a mortalidade dosasi MyD88KO inicia-se
no dia 2 e no dia 71 todos os 8 animais ja estavamos. A mortalidade do grupo
controle inicia-se no dia 12 e ap6s 71 dias 62%edgsipo ainda permaneciam Vivos.
A andlise estatistica destes dados de sobrevidiodméle comparacdo de curvas de
sobrevida pelo teste de Logrank) demonstrou quenoeais MyD88KO apresentaram

menor tempo de sobrevida em relagéo ao grupo der{ti®<0,05).
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Figura 42. Tempo de sobrevida de camundongos MyD88KO e WTciaflos pela via i.t. com
1x1®P leveduras viaveis dd. brasiliensis(n = 8 camundongo/linhagem). A
sobrevida dos animais foi acompanhada por 70 di&s.asterisco representa
diferenca estatisticamente significante (*P<0,05).
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4.2.2.2.8Analise histopatoldgica

Uma parametro adicional de gravidade da doencalditdo através da andlise
histopaldgica dos pulmdes, figado e baco de aniMai388KO e WT infectados pela
via i.t. com 1x16 leveduras viaveis dB. brasiliensis.Apés 8 semanas de infeccéo o
pulmao esquerdo, o I6bulo menor figado e metadeago de cada camundongo foram
removidos e fixado em 10% de formalina e embebichoparafina. Seccdes (5um)
foram coradas com Hematoxilina e Eosina (H&E) pandlise das lesbes e com a
coloracdo Groccot, para visualizar os fungos. Vhos que apos 8 semanas de
infeccdo a andlise das lesdes de camundongos W&elobevuma pneumonia
priogranulomatosa com lesbes peribronquiolaresy idiltrado linfoplasmocitico e
eventual coaslescéncia. Os granulomas em gerahfbean delimitados com presenca
moderada de fungos e espacos alveolares aindavya@se (figura 43 A e B). Por outro
lado, animais MyD88KO apresentaram lesGes piogoamalosas extensas e confluentes
ocupando quase todo o parénquima pulmonar, assita peesenca de areas necroticas.
Em alguns casos observamos completa consolidacgmmmquima pulmonar sendo
substituido por extensas lesdes necréticas comaarnfnizacao fungica. As estruturas
bronquiolares estavam comprometidas e apresentdeans celulares, leucécitos e rico

agregado de fungos como demonstrado nas figur&setB.
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A analise histopatologica revelou que a estrutugpética dos animais WT
estava totalmente preservada e néo foi observadesanca de fungos no figado destes
animais (figuras 44 A e B). Por outro lado, a a#lilo figado de animais MyD88KO
revelou a presenca de extensas lesGes piogranolsesaem parénquima hepatico. Os
granulomas confluentes apresentaram rico agregeucb (figura 44 C e D).

A estrutura esplénica dos animais WT estava totakenpreservada e nao foi
observada a presenca de fungos nas laminas ea$dgubsar dos experimentos de
UFC indicarem a presenca de uma pequena cargaflingstes animais (figura 45 A e
B). A analise histopatologica do bago de animaiDBBKO revelou a presenca de
lesdes piogranulomatosas esplénicas. Os granula@ao@ifuentes apresentaram rico
agregado fungico (figura 45 C e D).
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Figura 44. Fotomicrografias de lesGes de figado de animais(¥/& B) e MyD88KO (C e D)
ap6s 8 semanas de infeccdo com o fuRgdrasiliensis H&E ( A e C; 10x) e
Groccot (B e D; 10x).
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Figura 45. Fotomicrografias de lesdes de ba¢o de animais W& B e MyD88KO (C e D)
ap6s 8 semanas de infeccdo com o fuRgdrasiliensis H&E ( A e C; 10x) e
Groccot (B e D; 10x).
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5 Discussao

Cada vez mais vem sendo demonstrada a importé@losiareceptores da
familia Toll-like no reconhecimento de diversos go@inos. Os TLRs reconhecem
padrées moleculares de componentes biolégicos iadsscou ndo a membrana de
patégenos e conferem certa especificidade a imdeidaata (HOFFMANN, 1999;
ADEREM et al., 2000). Os diferentes TLRs podem ten diferente grau de
importancia no curso de uma infeccdo. Em infecfdegicas, por exemplo, o TLR-2 é
essencial para a imunidade inata frenteCaacidiodes posadas{NVIRIYAKOSOL et
al., 2004), por induzir a sintese de citocinasnfl@mnatérias como IL-12, IL-6 e TNE&-
por macréfagos peritoneais. Trabalhando émspergillus fumigatud\etea et al. (2003)
demonstraram que macréfagos peritoneais de camgasdaleficientes para o TLR-4
produziram menores niveis de THEL-1a e IL-13, comparando-se com macréfagos
provenientes de animais que expressam o TLR-4 doati quando estimulados com
conidios do fungo. Em outro trabalho, desta vez €andida albicansos mesmos
autores demonstraram que o TLR-2 suprime a imusidaohtra o fungo através da

inducédo de IL-10 e da expanséao de células T regtdadNETEA et al., 2004).

Trabalhando com camundongos TLR-2 com seus controles WT
obtivemos resultados que sugerem a participacdd ld®-2 no reconhecimento e
ativacdo de macrofagos perante B. brasiliensis A sintese de NO foi
consideravelmente menor nas culturas de macrofapgosoneais e alveolares de
camundongos da linhagem TLR-8e comparado com a sintese de NO por macréfagos
provenientes de camundongos WT. Este comportanrepgtiu-se tanto nas culturas
tratadas somente com IFNquanto nas culturas tratadas com a citocina etades
com o fungo. E conveniente ressaltar que nas asltiratadas com o fungo a

quantidade de NO foi maior, conforme esperado.

Se macréfagos de camundongos deficientes para ZTHBm menor
guantidade de receptores para o fungo em sua mealeraos mesmos produziram
niveis menores de NO em relacdo aos macrofagosrdantilongos normais, pode-se
sugerir que houve, no primeiro grupo, uma menoeragao receptor-fungo e
conseguentemente, estimulos menos eficientes pdwzii a sintese de NO. Hoje
sabemos que os TLRs néo estdo ligados diretamenteacsintese de NO, contudo, é
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conhecida uma cooperacao entre receptores de mantheavarias familias, entre eles
os TLRs. Esta cooperacao poderia ativar a atividasideobicida dos macréfagos, assim
como a sintese de NO. Realmente, rabalhos reaeté¢sm a cooperacéo entre TLRs e
outros receptores de imunidade inata. O contafmatiEyenos com o hospedeiro envolve
multiplos PAMPs e seus cognatos receptores de mecanento padrdo (PRRs). E a
interacdo complexa das respostas mediadas porresggstores, que dirige a resposta
inata resultante e, finalmente, o desenvolvimergandunidade adaptativa especifica
para este patdégeno (TRINCHIERI e SHER, 2007). Na@xriofagos, a sinalizacao
cooperativa entre dectina-1 e TLR-2 mostrou-sessgee para a indugdo de TNEem
resposta a infecgbes fungicas. Este foi o primg@balho a demonstrar a interacdo
entre um TLR e receptores ndo-TLR (BROWN, 2006; GARR et al., 2003).
Embora dectina-1 apresente uma habilidade espedifieta na inducdo da producédo de
citocinas em macrofagos e DCs, como descrito adieetjna-1 pode também interagir
com outros TLRs-MyD88 acoplados (TLR-2, TLR-4, TLR5, TLR7, TLR-9),
resultando na inducao sinérgica de varias citocimagiindo TNFe, IL-10, IL-6 e IL-

23 (DENNEHY et al., 2008; FERWERDA et al., 2008).

Os dados de UFC e ensaio de fagocitose apOianp@ebe de menor
ativacdo em macréfagos de animais TLR-D ntmero de fungos recuperados foi
consideravelmente menor nas culturas de macréfdgosamundongos deficientes,
assim como foi menor o nimero de macréfagos comolufagocitados e/ou aderidos.
Mais uma vez, pode-se sugerir que houve uma mertieragdo hospedeiro-fungo
devido a menor oferta de receptores do tipo Tollnmambrana dos fagocitos e,
consequentemente, menor foi o niumero de fungomhecados e fagocitados. Nas
culturas pré-ativadas com IFN<e infectadas com o fungo, o numero de fungos
recuperados foi significativamente menor em relagficulturas somente infectadas.
Estes dados sugerem que o lFNadicionado levou a um aumento da atividade
fungicida por parte dos macréfagos, que pode s@icexla pela maior concentracéo de
NO e eventualmente alguma outra substancia furagiprdduzida pelos macrofagos.
Este numero menor de fungos era esperado, poisaogfagos estavam estimulados

com os dois sinais necessarios para sua ativat#eHR e MARLETTA, 1987).

Na PCM ha trabalhos (CANO et al., 1998; GONZALEZ al., 2000)

que demonstram que o NO é molécula essencial etiampe para a atividade fungicida
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de macrofagos de camundongos. Nossos resultadesepaestar de acordo com estes
estudos. Porém, os niveis mais elevados de NO pidmhu por macréfagos TLR-2
normais nao foram suficientes para conter o furgonparando-se aos macrofagos
deficientes, que produzem menos NO, mas apresantamimero de menor de fungos
recuperados. Este dado fala a favor da hipotesgudeos macréfagos deficientes séo
menos ativados e por isso fagocitam nimeros mederts/eduras.

Como maiores niveis de NO nado foram suficientea panter o fungo, em
futuros experimentos, inibiremos a sintese desseegavaliaremos o comportamento
dos macrofagos de ambas as linhagens em relac@bdnaero de UFC. Mais uma vez
fica evidenciado que mecanismos independentes des®tOcapazes de controlar o
crescimento doP. brasiliensis Em trabalho realizado em nosso laboratério
BERNARDINO (2005) demonstra que camundongos iINOS-&fesentam doenca
menos grave na segunda semana de infec¢do, comdpas@ com camundongos que
expressam iNOS funcional. Temos entéo, outro thab@lie sugere outros mecanismos
capazes de controlar o fungo. Vale lembrar tambéenag dados obtidos com relacao
ao ensaio de fagocitose, UFC e producdo de NO aumass TLR-2" e WT s&o
bastante semelhantes aqueles que encontramos queiddhamos com animais
deficientes para o TLR-4 (CALICH et al., 2008; LOBR et al., 2010).

Os niveis de algumas das citocinas analisadasfdiferentes entre as duas
linhagens estudadas. A producdo de IL-10 e MCP+Infenor no sobrenadante das
culturas de macréfagos de animais deficientes @diaR-2, comparada a producgéo das
culturas de macréfagos que expressam o TLR-2 foatidNdo houve diferenca na
producdo de IL-12 entre as duas linhagens e, eacael a producdo de IL-6,
observamos que animais TLR"-Zxroduziram menores niveis desta citocina, porém a
producao ja era menor em animais deficiente noaycaptrole, ou seja, em macréfagos

qgue nao foram infectados com o fungo.

A menor produgédo de IL-6 e de MCP-1 (quimiocinavadwvida no
recrutamento de células mononucleadas para o tlacatfeccdo) por animais TLR-2
deficientes leva a supor que talvez a presencasiegbcinas pudesse ser associada a
uma doenga mais grave. Entretanto, verificamoshguee maior recuperacado de UFC
de macréfagos TLR-2 normais, sugerindo que a &ivgpr estas citocinas e a maior
producao de NO néo foi suficiente para matar ogdarem co-cultivo com macréfagos

in vitro. E bem possivel que existam outros mecanismosouiolem o nimero de

98



fungos ou outra hipétese € que a presenca do ThBsga culminar em ingestdo de
grande numero de fungos, comparado com a ingestfimdos por macréfagos TLR-2
deficientes, hipotese esta corroborada pelo ergaifagocitose. Deste modo, mesmo
produzindo maiores quantidades de citocinas atreade de NO, o macrofago do

animal TLR-2 normal nao foi capaz de controlar metb de fungos ingeridos.

Os experimentos de UFC feitos a partir do macedadpulméo em tempo
curto de infeccao (48 horas) estdo de acordo codadas obtidos vitro, uma vez que
o namero de fungos recuperados foi maior nos pundds animais WT, confirmando
assim os experimentas vitro. Os dados de produgcédo de NO também estdo de acordo
com 0s experimentds vitro, uma vez que foram observados maiores niveis deadNO
homogenato de pulmédo de animais normais para o Z'LlRd comportamento também
foi observado quando trabalhamos com animais e@efies para o TLR-4 (CALICH et
al., 2008; LOURES et al., 2010).

Em relacdo a sintese de citocinas, ainda obsesvantempo curto de
infeccdo, verificamos que animais TLR-2 deficieneesnormais produziram niveis
semelhantes das citocinas Thl (IL-12, i5NE-2 e TNFa) e Th2 (IL-10, IL-4 e IL-5).
Contudo, em relagéo as citocinas associadas a@@adeérresposta imune Th17 (IL-6,
IL-17, IL-23 e TGFB) encontramos niveis maiores de IL-23, IL-17 e TGBo

homogenato de pulméo de animais TLR-2

Ao trabalhar com tempo longo de infeccao (2 e danas), encontramos
uma doenca menos grave nos animais deficienteopBk&-2, que apresentaram uma
carga fungica pulmonar consideravelmente menooguwmnimais TLR-2 normais. Estes
dados reproduzem os resultados de UFC obtidos gerimentodsn vitro e em tempo
curto de infeccdo: um numero menor de fungos fouperado de macrofagos de
animais TLR-2 deficientes. Em relacdo a sinteseicias verificamos que os animais
TLR-2"" e normais produziram niveis semelhantes de ciscihl e Th2 na segunda
semana de infeccdo. Contudo, niveis menores d@® lk-IL-12 foram observados no
homogenato do pulmao de animais TLR@pés 11 semanas de infeccdo. Em relacéo
as citocinas Th17, observamos mais uma vez, nivaisres nos animais TLR2 Isso
ocorreu com todas as citocinas estudas na segentina e com a citocina IL-23, ap6s
11 semanas de infecgao.
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Observamos entaadn vitro e in vivo, que o TLR-2 esta relacionado com a
sintese de IL-10. Outros autores ja haviam demamhstesta relagdo, Ferreira et al.
(2008), por exemplo, relataram que a interacdoeentP. brasiliensise células
dendriticas de camundongos resultou no aumentgmassao de TLR-2 concomitante
com maiores niveis de IL-10. Em outro trabalho, aagores relataram que em
camundongos deficientes para galactina 3 e infestatbm oP. brasiliensis foi
observado um aumento nos transcritos para o TLRu#eento nos niveis de IL-10 em
macrofagos (RUAS et al., 2009).

Além disso, o estudo das citocinas em respostafexc#io pelo fungdP.
brasiliensis nos revelou que os animais TLR-Zpresentaram maiores niveis de
citocinas que estdo relacionadas com o padrédo sigose imune Thl7 quando

comparados a producéo destas citocinas no pulngardmais TLR-2-normais.

A IL-17 é uma citocina recentemente descrita gaarente produzida por
uma subpopulacdo de linfécitos T CDAdtivados; entretanto a IL-17 € conhecida
também a sua atividade reguladora da imunidada eéat defesa contra parasitas. Uma
das atividades reconhecidas é a mobilizacdo dedfibag para sitios inflamatérios
através da inducdo da producdo de quimiocinas, caan@€XC, quimiocinas cujas
cisteinas terminais sdo espacadas por um aminodajde tém acédo preferencialmente
sobre leucocitos PMN (KOLLS & LINDES, 2004; MIYAMQI et al., 2003;
STOCKINGER et al., 2007). A citocina IL-23, da mesfarma que a IL-12, € membro
da familia das citocinas proinflamatérias. Comjizath a cadeia peptidica p40,
enquanto que as cadeias p35 e pl9 sao especifimnizan IL-12 e 1L-23,
respectivamente. Enquanto que ambas as citocidazem a producdo de IFNem
linfocitos T CD4, a IL-23, embora ndo envolvida na expanséo ddastllhl7, tem
uma importante funcdo na manutencédo na funcdorafdtbl7 (BETTELLI, et al.,
2006; STOCKINGER et al., 2007). Trabalhos recertid® demonstrado que as
citocinas IL-17/IL-23 tém uma importante funciodedesa contra fungos. Zelante et al.
(2007) demonstraram que estas citocinas atuam ocegutadores negativos da resposta
Thl promovida por fungos, particularmerandida albicanse Aspergilus fumigatus.
Além disso, promove uma inflamagéo rica em neutrdfiL-17) e regula a atividade
microbicida destas células (IL-23). Em adicao, eoente trabalho, Bozza et al., (2008)
demonstraram que a perda do Toll IL-1R8 exarcelpasposta Th1l7 em resposta a

infeccdes fungicas.
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Em revisdo publicada por Cua e Kastelein, 2006auieres relataram que na
infeccdo em mucosa de roedores @irobacter rodentiun{MANGAN et al., 2006) ou
na infeccdo pulmonar por Klebisiela pneumoniae (REBP et al., 2003), o
desenvolvimento da resposta imune Thl7 acontecealpreemente no inicio da
infeccdo. Em tempos tardios, os animais foram dei@ade ter uma resposta
predominantemente Thl7 e passaram a ter uma repbdtaou Th2. Durante a
homeostase, altos niveis de T@Rliados a baixos niveis de IL-6 e IL-23 promovem o
predominio de células Treg que, por sua vez, s@onim resposta Thl e Th2. Em
estagios iniciais da infeccao, células dendritmasluzem altos niveis de IL-6 e IL-23
via ativacdo por TLRs. Nesta etapa, a IL-6 initifarenciacéo e atividade das células
Treg; em acdo concomitante, altas concentractesL-@e e TGFf estimulam a
diferenciacdo de linfocitos TCD4 em células Th1Tém disso, a IL-23 promove a
proliferac@o das células Th17 e contribui com autengdo das fungbes inflamatorias
desta resposta. Contudo, em fases tardias dag@efeccélulas Thl e Th2, provenientes
do baco e linfonodo, comandam o clearance finahfd¢cdo. Produzem IFN-e IL-4,

respectivamente, citocinas que inibem a difere@ciafuncao Thl7.

O mesmo fendmeno parece ter ocorrido em nosso medpkerimental; apds 11
semanas de infeccdo ndo observamos mais o padBd Ads animais TLR-2KO.
Ambas as linhagens produziram semelhantes niveigat@nas Thl, Th2 e Th1l7 neste
tempo de infeccdo. Com excecao da citocina IL-R8, @pntinua em niveis maiores nos
animais TLR-2KO apés 11 semanas de infeccao etdeira IL-12, que aparece em
niveis reduzidos nestes animais. Neste tempo @edgad ndo observamos um padrao
definido de resposta imune. Assim, de modo germgmos concluir que na auséncia
do receptor TLR-2 observamos um padréo de resddet@ e podemos sugerir entao

gue a presenca do TLR-2 inibe a resposta Th17.

Embora a producgéo de IL-17 seja usualmente askociam uma subpopulagéo
Th17 de linfocitos T CD4(YAO et al., 1995; ZELANTE et al., 2007; KORN et, al
2009; MILLS, 2008) ou TCDB(SUTTON et al., 2006; HAPPEL et al., 2003; MILLS,
2008), alguns trabalhos vém descrevendo a proddesia citocina por outras células
do sistema imune inato como linfocito yd (ROMANI et al., 2008), células
dendriticas (DE LUCA et al.,, 2007; ZELANTE et a2007; BOZA et al., 2008)
leucdcitos PMNs (FERRETI et al., 2003; ROMANI et, &008) e até linfécitos NKT
(MICHEL et al., 2007; MICHEL et al., 2008). Com astinformacdes, caracterizamos
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por citometria de fluxo quais subpopulacdes cebsldoram responsaveis pela producdo
de IL-17 na infeccdo pelB. brasiliensisNossos resultados indicaram que a producao
de IL-17 foi predominante por linfocitos TCD4. Fadservada uma maior porcentagem
de células TCD4 produtoras de IL-17 nos animais -”BIquuando comparadas a
producdo dos linfocitos de animais TLR-2-normaisa@lo determinamos o numero
absoluto de células, verificamos que também nasasiTLR-2" linfocitos TCD4IL-

17" ocorreram em maior nimero. Observamos tambémarsradongos TLR-2 uma
maior porcentagem de linfécitos TCDIB-17*, porém quando analisamos o nimero
absoluto de células que migraram para o pulméadfjoanos que ambas as linhagens
apresentaram numeros semelhantes destas célulsisa, A®odemos concluir que na

auséncia do TLR-2 houve uma predominancia da respusne Thl7.

Diversos trabalhos véem relacionando o afluxondatréfilos para o sitio
inflamatorio de infecgBes que desenvolveram umgmde resposta imune Thl7 (LEY
et al.,, 2006; WU et al., 2007; LIANG et al., 200Fuitas vezes este afluxo esta
relacionado com producéo de altos niveis de KC, guimiocina CXC envolvida na
quimiotaxia de neutrofilos (CARLSON et al.,, 2008;0BRAYASHI, 2008). A
associacéo da producédo de IL-17 e afluxo de PMHE pdocal da infeccdo vem sendo
descrita em diversas infeccdes como, por exempleumponia bacteriana (Y&t al,
2001), inflamacédo crénica dos pulmdes (LINDEN et 2005) e infeccbes fangicas
(COOPER, 2007; ZELANTE et al., 2007).

Estes dados estdo de acordo com o encontrado s nwodelo, os animais
TLR-2"" que desenvolveram uma resposta Th17 concomitanteafiuxo de neutréfilo
para os pulmdes, também apresentaram maiores ¢agi@®s da quimiocina KC no

homogenato do pulméo apds 2 e 11 semanas de iofeagéoP. brasiliensis.

Os resultados de afluxo de células para os pulindésaram que a menor carga
fungica nos pulmbes destes animais estava associaia um maior afluxo de
neutrofilos para o local da infecgcdo nos animais. K@is resultados indicaram a
possibilidade dos neutrofilos serem o0s responsieEsmenos parcialmente, pelo
controle da carga fungica pulmonar nos animais P'R-Os experimentos com
deplecédo de neutrdéfilos elucidaram esta questdanu animais TLR-2-normais e
deficientes foram tratados com AcM anti-PMN houwsmanto da carga fangica
pulmonar somente nos animais TLR;2u seja, somente neste grupo de animais a

presenca dos neutrofilos foi importante, parciali@epara o controle da carga fungica.
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Acreditamos ainda, que somente o niumero e ndoad@shtrinseco de ativagdo dos
neutroéfilos esteja contribuindo para o controlecdega flingica. Experimentos em que
avaliamos a atividade fungicida dos neutrofilostpeeais e alveolares revelaram que
neutréfilos de ambas as linhagens estudadas possueesma habilidade em matar o
fungo. Assim, o efeito dos leucécitos PMN podeagbuido a sua presenga em maior
namero no sitio da infecgcdo e ndo a uma maior idabi¢ intrinseca de matarR
brasiliensis Estes dados estdo de acordo com os encontradditenagura. Como
exemplo, trabalhando cor@andida albicans,Huang et al. (2004) verificaram que
camundongos desenvolveram uma candidiase sistégraae associada com a
producédo deficiente de IL-17 e menor afluxo de mdilbs para os érgaos infectados,
ou seja, evidenciaram o papel protetor dos neldsdé a sua contribuicdo no controle

da carga fungica.

Como vem sendo descrito em outros modelos em qaomrina a imunidade
Thl7, acreditamos que o0s leucocitos PMNs exercam duplo efeito na
paracoccidioidomicose. A protecdo garantida pedomafluxo neutrofilos e a eficiente
habilidade em controlar a carga fangica pulmonadepcestar provavelmente
acompanhada por danos do tecido pulmonar causd@@q®#o de enzimas produzidas
pelos neutréfilos como elastases, metaloproteinasagloperoxidases (ZELANTE et
al., 2007; ROMANI et al., 2008; LINDEN et al., 200¥ANOQV et al., 2007).

Apesar da menor carga fungica pulmonar, nossossdaaioconjunto sugerem
gue a resposta Thl7 e os leucécitos PMN possantexxam efeito deletério nos
pulmdes dos animais TLR2 A menor carga flngica nesses animais estava
acompanhada por lesdes tao graves quanto aquetseiadas pelos animais controle.
Em ambos as linhagens, reacdes inflamatdrias nfenizadas foram observadas por
todo parénquima pulmonar sugerindo que a alta chmggica (desenvolvida pelos
animais WT) ou a prevalente imunidade Th17 (dedeida pelos animais TLRD)
provocaram efeitos deletérios similares nos pulmifies animais quando infectados
peloP. brasiliensisDeste modo, na auséncia do TLR-2, os animais gdeb&mam uma
resposta Thl7, que apesar de induzir uma cargachingenor, apresentou lesfes
pulmonares graves. Assim, uma menor carga fungicaopou efeitos deletérios tao
graves quanto aqueles provocados por uma cargac&ingpior nos animais TLR-2
normais. Podemos concluir, entdo, que o receptd®-ZLalém de inibir a resposta

Th17, regula negativamente a patologia pulmonar.
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O desenvolvimento de uma resposta imune Th1l7 rmenaiasdo TLR-2 sugere
gue o fungoP. brasiliensesassim como outros patégeng®de interagir como uma
gama de outros receptores. Outros TLRs (CALICH.efa08; LOURES et al., 2010),
receptores de manose (JIMENEZ et al., 2006) oumatgmo o dectina-1 (DINIZ et al.,
2004) podem associar-se ao fungo, ativar macrofagoduzir uma resposta imune que
elimine o patdgeno. Para exemplificar, trabalhasemées tém demonstrado que o
receptor detém-1 ao ser ativado pelo agonista aurdulmina com uma cascata de
sinalizacdo dependente da molécula adaptadora CAR®MyDS88 independente, ou
seja, ndo ha participacdo de TLRs na ativacao arelakta ativacdo culmina com a
producdo de IL-23 e inducdo, portanto, de um paddio resposta Thl7
(LEIBUNDGUT-LANDMANN et al., 2007; PALM e MEDHITOV 2007).

A despeito da diferenca da carga fungica pulmonapmtrada entre as duas
linhagens estudadas, analisamos as sub-populagde¥datitos infiltrantes de pulméo
de animais TLR-Z e WT, assim como o perfil fenotipico de macréfagbeeolares,
tanto na fase aguda como na fase crbnica da irdeblEisegunda semana de infec¢ao
ndo observamos diferencas na populacéo leucoditditteante nos pulmdes em ambas
as linhagens estudadas. Na décima primeira seneaimdetcdo, houve menor nimero
de linfécitos CD4 e CD8 nos animais TLR-2, assim como, menor expressdo de
marcadores de ativacdo CD25CD69. Assim, verificamos que a presenca do TLR-2
participa na determinacdo do infiltrado pulmonacoriem linfocitos T ativados;
entretanto, a maior afluxo e ativacao de linfécies$4 associado com maior carga
fungica. Em recente trabalho, nosso laboratéri@atarizou o papel dos linfécitos
TCD4" no padrédo de susceptibilidade e resisténcia &gétepeloP. brasiliensis.Em
animais resistentes (A/J) a deplecdo dessas c@alasa resposta suprimida de HTT
(hipersensibilidade do tipo tardio) nas 4° e 8°awmande infeccdo, diminuicdo da
producdo de anticorpos IgG2a, IgGl e IgG2b e desiside IL-2. Entretanto, a
auséncia destes linfocitos pouco alterava a carggida pulmonar e ndo diminuia a
sobrevida desses animais. Nos animais susceptéveietanto, a deplecdo de linfécitos
T CD4' néo alterou o curso da doenca (CHIARELLA et @0D).

A avaliagdo de células TCD8 (linfécitos T citotbos} durante a décima
primeira semana de infeccdo comportou-se de moaelsante aquela dos linfocitos
TCD4; obtivemos expressiva diminuicdo dessas celata animais TLR-2 e, ainda

mais, os linfocitos nesses animais estavam mervedas (TCD8CD69). Podemos

104



entdo supor que a maior freqiéncia e ativacdmfieitos TCD8 nos animais WT, ndo
foi capaz, assim como os linfocitos TCD4, de cdatr@a carga fangica pulmonar
presente no pulméo destes animais. Assim, a presdn¢ILR-2 determina o maior
afluxo e ativacao de linfocitos TCD8, contudo, is&m foi capaz de conter a carga
fungica pulmonar. O papel dessas células citotéx@tatoras baseia-se na producéo de
substéancias citotéxicas como as perforinas e grawique atuam destruindo células
infectadas, reduzindo o foco infeccioso (WHERRYakt 2003). Trabalho recente
desenvolvido em nosso laboratério mostrou que ¢edap de linfécitos TCD8 gerou
aumento da carga fungica pulmonar, tanto em aninmggistentes, quanto em animais
susceptiveis (CHIARELLA et al., 2007). Entretarga) nosso trabalho, maior nimero
de linfécitos TCD8 foi encontrado no pulmédo de cadangos WT, associado a uma
maior carga fangica. Deste modo, o maior afluxdimfécitos T CD8 nestes animais
nao foi capaz de controlar a carga fungica.

A seguir, caracterizamos a presenca de células glladgoras (Treg) nos
infiltrados inflamatérios de pulméo. As células Jreapresentam o fendtipo
TCD4'CD25', expressam constitutivamente o marcador CD25 {@alta do receptor
de IL-2), CTLA-4 (cytotoxic T lymphocyte-associatamtigen- inibidor da ativacao
prolongada de linfocitos T) (BELKAID et al., 2007 D45RO (DIECKMAN et al.,
2001), TGFB1 de membrana (NAKAMURA et al.,, 2004) e o fator wanscricao
nuclear FoxP3 , fundamental para sua diferenciacdo e atividadpressora
(FONTENOT et al., 2003; HORI et al., 2003). As ¢é&tuTreg atuam através da
inibicdo da producgédo de citocinas, como a IL-2gbkando o ciclo celular de linfocitos
TCD4" e TCDS8; além disso, podem suprimir a atividade prolifieeade linfocitos T
ativados CDACD25 (NAKAMURA et al., 2004). Outro possivel mecanismia acio
supressora das células Treg se da pela producadtdesas antinflamatoria IL-10 e
TGF$} (ASSEMAN et al., 1999; BELKAID, 2007).

Tem sido descrita a importancia das células reguesdem casos cronicos de
infeccdo onde, devido a persisténcia do patégessasecélulas estariam controlando as
respostas imunes que poderiam causar quadros aiflans exarcebados na tentativa
de erradicar o agente infeccioso. Além disso, agurga de células T reguladoras tem
um papel importante na manutenc¢do da memoria imdgital, uma vez que impedem a
eliminacao total dos patdégenos (ZHOU et al., 2009).

Os TLRs foram inicialmente associados com a atvagasistema imune inato;

entretanto, a literatura tem demonstrado que TISReexpressos em células T efetoras
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e reguladoras. Células T efetoras e reguladorasessqgm TLR1, TLR-2 e TLR6.
Entretanto, as células Treg expressam mais TLR:ER5T TLR7 e TLR8 do que os
linfécitos efetores (SUTMULLER et al., 2007). Aledisso, a adicdo de ligantes do
TLR-2 podem regular positiva ou negativamente a agtfpressora das células Treg
(SUTMULLER et al, 2007; ZANIN-ZHOROV et al., 2006).

Em elegante trabalho, Belkaid et al. (2002) moatraque na infeccdo crénica
por Leishmania majora presenca de linfécitos Treg além de suprimiesposta de
linfocitos TCD4 , inibindo a sintese de IFN-produziram IL-10 que foi importante
para a permanéncia do patégeno. Assim, além deiaten producdo de citocinas
proinflamatérias do perfil Thl, ainda interferirina atividade microbicida de
macrofagos. A presenca dessas células parece piapar um equilibrio na atividade
efetora das células TCD4jue, na tentativa de eliminar o patégeno, podegamsar
danos teciduais ao hospedeiro.

Nossos resultados na segunda semana de infecc&mnédrio do trabalho
acima citado, e apesar dos animais WT apresentar&or carga fangica no pulmao,
mostraram numero equivalente de células T regudadao infiltrado pulmonar de
animais TLR-2" e WT. Por outro lado, apés a décima primeira sentn infeccéo
observamos menor niimero de Treg nos animais TLR€ mesmos que apresentaram
uma menor carga fungica pulmonar. E importanteatessque o maior nimero de
células Treg nos animais TLR-2 normais esteve @&mdmdambém com maiores niveis
de IL-10 pulmonar. Deste modo, um maior nimero ey Thos animais WT estava
associado a uma maior carga fangica. Entretantes @sesmo animais apresentaram
também maior nimero de linfécitos T CDetCD8 ativados. Assim, pode-se supor que
a presenca do TLR-2 levou a infecgbes mais grawaier ativacdo do sistema imune,
com concomitante aumento da expressao de célutgsdglie controlaria parcialmente a
inflamag&o mas causaria a manutencdo do procef=mioso. Desta forma, nossos
dados parecem estar em desacordo com os resutthtidss por NETEA et al. (2004),
onde a presenca do TLR-2 suprimiu a imunidade aootfungoCandida albicans
através da inducao de IL-10 e de células T regudado

Estudos realizados por KASHINO et al. (1995) dertrangm que a resisténcia
ao P. brasiliensis estava relacionada a niveis elevados de WF&-1gG2a, e a
susceptibilidade associada a niveis elevados dg 1§G2b e IgA. Trabalhando com
TLR-4, observamos que a presenca deste receptoalewma maior producao de 1gG1,
IgG2b e IgM na décima primeira semana de infecG#L(CH et al., 2008; LOURES
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et al., 2010), entretanto, resultados obtidos coimais deficientes para o TLR-2
demonstraram que este receptor ndo influenciatessl de anticorpos.

Em conjunto, nossos dados parecem demonstrar qudReé? é usado pel®.
brasiliensis para infectar os fagocitos dos hospedeiros. Eg#traicdo é importante
porque mesmo a maior ativacdo do sistema imune {(ND, citocinas) e adaptativo
(maior nimero de linfocitos TCD4e TCDS§ ativados) ndo consegue sobrepujar a
maior carga fungica conferida pela presenca do ZLR: presenca de células T
reguladoras nos animais TLR-2-normais parece codaloom a manutencao dos fungos
em alto namero.

Observamos nos animais TLR-Zima maior presenca de leucécitos PMN no
infiltrado inflamatoério dos pulmdes e uma imunidadte tipo Th17. Esta imunidade
parece estar associada a protecdo, uma vez qugafaagica pulmonar permaneceu
menor do que a observada nos animais TLR-2-nori@ais0, entretanto, expresséo da
imunidade Th17 pode levar a patologia tecidual ggaresso de atividade inflamatéria
através da secrecdo de metaloproteinase e miekigese por leucocitos PMN
(ROMANI et al., 2008), a analise da histologia poirar corrobora esta hipétese. Como
a mortalidade dos animais TLR-2 TLR-2-normais foi equivalente, é possivel que,
apesar de proteger contra o crescimento fungiemuaidade Th17 possa ter levado a
patologia pulmonar e menor tempo de sobrevida.

Surpreendentemente, estes dados ndo estdo de ammrdas informacdes
encontradas na literatura, onde a presenca dos TEMdsa uma doenga menos grave,
geralmente pela producéo de citocinas proinflanegdjue culminam com o aumento
de imunidade celular e producdo de compostos quéave eliminar ou conter o
parasita (CAMPOS et al., 2004; BELOCCHIO et al.020VIRIYAKOSOL et al.,
2005; OLIVEIRA et al., 2004). A presenca de TLRsacriada a uma doenca mais
grave, entretanto, foi demonstrado por Belochioalket(2004). Ao trabalhar com
leveduras e hifas déandida albicansestes autores demonstraram que a presenca do
TLR-2 e do TLR-9 levou a uma doenca mais grave, norais altos TNFx e de UFC
Nnos animais que possuem os receptores funciomergrando-se com 0s camundongos
TLR-2 KO e TLR-9 KO. Além disso, Netea et al. (2D0demonstraram que a presenca
do TLR-2 leva a supressédo da imunidade co@radida albicansatravés da producao
de IL-10 e aumento de células T reguladoras.

Este conjunto de informacfes caracterizando o ZLtfa-PCM foi reunido e
publicado recentemente (LOURES et al., 2009). Owmdams sobre a deficiéncia de
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TLR-2 levando a uma resposta Th1l7 foi também mdatamultaneamente por outros
grupos. Trabalhando com a bactétaphylococcus aureuss autores relataram que
macréfagos, astrécitos e micréglia de animais TCR#Rduziram niveis maiores de IL-
17 no abscesso cerebral apés infeccdo com a lzacpgando comparado ao grupo
controle (NICHOLS et al., 2009). Ao mesmo temporopg da Dra. Bali Pulendram
relata que o metabolismo do acido retindico esfadlh a supressao da resposta Thl7
quando hé ativacdo via TLR-2. Neste trabalho osrastdemonstraram que o TLR-2
induziu em células dendriticas a enzima metabalizaddo &cido retindico, a
retinaldeido desidrogenase. Induziu também a pémuwg IL-10 e a expansao de
células T regulatérias FoxP30 &cido retindico atuou nas células dendrititasado
SOCS3 (fator de supressdo da sintese de citoc)ngse3 suprimindo a ativacdo da
proteina quinase p38 , levou a producdo diminuida algumas citocinas
proinflamatérias e as citocinas Th17. Assim comonasso trabalho, eles demonstram
que a sinalizacdo via TLR-2 induzia as células Teeguprimia a imunidade Th17
(MANICASSAMY et al., 2009).

Na segunda etapa do nosso trabalho estudamoslviementoin vitro ein
vivo da proteina adaptadora MyD88. Verificamos nos exyentos de fagocitose que a
auséncia desta proteina resultou numa menor caoeciein aderir e/ou fagocitar as
leveduras néo viaveis do fungo por parte dos magos peritoneais. Tal
comportamento sugere que 0S mecanismos de ativeelatar que propiciam a
fagocitose seriam dependente da sinalizacao via8dyB menor ativacdo macrofagica
se confirmou nos demais experimenitoyitro; a cultura de macréfagos peritoneais de
animais MyD88KO apresentou um maior numero de fangecuperados nos
experimentos de UFC quando comparada a do grupdrotamn Estes mesmos
macrofagos apresentaram pequena habilidade de gimdie NO. Assim, 0s baixos
niveis de NO produzidos pelos animais MyD88KO rdarh suficientes para controlar
a carga fungica na cultura. A auséncia de sind@zaga molécula MyD88 pode
também ter afetado a ativacdo de outros genes tanep@olvidos nos mecanismos
fungicidas. Deve-se lembrar que a molécula MyD&8bm atua na ativacdo de
macréfagos estimulados através do IL-1R (recepéoiildl) (O’'NEILL e BOWIE,
2007). A menor capacidade de fagocitar, a poucdidedle em matar leveduras do

fungo, assim como, a menor producédo de NO, confirque a sinalizacao via MyD88
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é indispenséavel para a ativacdo macrofagica eeqdestemente, para o controle do
parasita.

Diversos trabalhos tém relatado a importancia daligacdo via MyD88 na
ativacdo de macrofagos ou de células dendriticasuf® et al. (2009) relataram que
LPS ou flagelina derivados deseudomonas aeruginossdo capazes de ativar a
producdo de KC, TNie; IL-6 e G-CSF por macréfagos alveolares murin@s MLRs
dependentemente de MyD88. Em outro trabalho, Belasthal. (2004) relataram que as
imunidades inata e adaptativa pata albicans e A. fumigatus exigem a acéo
coordenada dos membros distintos da superfamiidRUTLR agindo através da
sinalizacdo via MyD88 com uma eficiente producgéo aitecinas e mecanismos

fungicidas.

Os experimentos de UFC feitos a partir do macedadpulméo em tempo
curto de infeccao (48 horas) estdo de acordo codadas obtidos vitro, uma vez que
o numero de fungos recuperados foi maior nos pusndies animais MyD88KO,
confirmando assim os experimentiosvitro. Os dados de producdo de NO também
estdo de acordo com os experimenitogitro, uma vez que foram observados menores

niveis de NO no homogenato de pulmé&o de animais38lD.

Em relacdo a sintese de citocinas, ainda obsesvantempo curto de
infeccdo (48 horas), verificamos que animais My[D88cientes e normais produziram
niveis semelhantes das citocinas H;NFNF-a, IL-10, IL-6, IL-17, IL-23 e TGFB.
Contudo, o macerado de pulméo de animais MyD88Ki@sanmtou niveis menores de

IL-12 quando comparado ao grupo controle.

Ao trabalhar com tempo longo de infeccdo (8 ses)anancontramos
resultados semelhantes ao da fase aguda da infemg&eja, uma doenca mais grave
nos animais deficientes para MyD88, que apresentamaa carga fungica pulmonar,
hepatica e esplénica consideravelmente maior quaniosais do grupo controle. Vale
chamar a atencdo que nao houve disseminacdo de parg o figado dos animais
MyD88 competentes, uma rica disseminagdo foi olskrvapenas nos animais
deficientes. Estes dados reproduzem os resultasldf~€ obtidos em experimentvs
vitro e em tempo curto de infeccdo. Contudo, apesarifdeeica da carga fungica
observada nos pulmdes entre as duas linhagensadasjdrerificamos que a producéo

de NO foi semelhante no homogenato do pulméo deagrab linhagens. Assim, fica
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sugerido que outros mecanismos fungicidas estaagmdo nos animais MyD88
competentes e contribuindo para o controle da darggica neste grupo de animais. Ou
ainda, podemos supor que mesmo com altos niveNMQlenos animais MyD88KO,
semelhantes aos niveis dos animais do grupo centeol deficiéncia de outros
mecanismos fungicidas dependentes da sinalizagddwD88 poderia contribuir para a
maior carga flngica nos pulmdes destes animais.oBoo lado, os niveis de NO
poderiam estar sendo influenciado pela carga fangxestudo do figado revelou que
tal hipotese € relevante e nem sempre maioressnédeiNO estdo associados a uma
menor carga fungica. Neste caso, a disseminacfiinge para o figado provocou uma
grande producao de NO, porém estes altos nivdi8dedo foram capazes de controlar
o crescimento fungico neste 6rgdo. Podemos airglarentar, que como nao houve
disseminacdo do fungo para o figado dos animaigrdpo controle, ndo houve
estimulos suficientes para a producao de NO negémOEsta seria também a razédo de
encontrarmos niveis de NO ndo muito elevados nmgulde animais MyD88 normais.

b

Em relacdo a sintese citocinas nos pulmdes verificaque o0s animais
MyD88KO e WT produziram niveis semelhantes de TNFH-N-y e IL-6. Contudo,
niveis menores de IL-12, IL-4, IL-5, IL-10, T@kK-L-17 e IL-23 foram observados no
homogenato do pulmé&o de animais MyD88KO ap6s 8 sasnde infeccdo. No figado,
além destas citocinas, a IL-6 também apresentammsmenores niveis no homogenato
dos animais MyD88KO. Por outro lado, a analise dmdgenato de baco revelou que
apenas o TNF apresentou-se em niveis menores nos animais MyD8&#&6ociado a
uma maior produgéo de IL-10. Em conjunto, os tadoks de dosagem de citocinas
demonstram que a sinalizacéo via MyD88 ¢é indisparigiara a sintese de citocinas do
tipo Th1l7, Th2 e Thl7 na PCM.

As citocinas TGH3, IL-17 e IL-23, ligadas ao padréo de resposta entinl7,
encontravam-se em menores niveis nos animais MyD8&omo o padrdo Thl7 de
ativacdo da resposta imune vem sendo descritoiadsoa um afluxo de neutrofilos
para o sitio inflamatorio, decidimos entdo verifiaa morfologia das células que
infiltravam nos pulmdes dos animais MyD88KO. Vedinos que 0s animais
MyD88KO apresentavam um menor numero de leucéBikdsls quando comparado ao
grupo controle. Assim, mais uma vez verificamos quedrdo Thl7 estava ligado ao
afluxo destas células ao sitio inflamatorio na P@Wdependéncia de MyD88 para o

afluxo de neutréfilos para o sitio inflamatério temdo descrito em diversas infecgdes.
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Cai et al. (2009) relataram que a auséncia de MyB@8&ina com a sobrevivéncia
comprometida, baixos niveis de TNFIL-6 e KC e reduzido niumero de neutréfilos
nos pulmdes de camundongos infectados com a lmétéethsiella pneumoniaegEm
outro trabalho, a inabilidade de combater a infecp&la bactéria Gran-negativa
Burkholderia pseudomalldéioi acompanhada pelo reduzido nimero de neutsbBim
camundongos MyD88KO infectados pela bactéria (WIRRE et al., 2008).

A despeito da diferenca da carga fungica pulmonapmtrada entre as duas
linhagens estudadas, analisamos as sub-populaedesabcitos infiltrantes de pulméao
de animais MyD88KO e WT, assim como o perfil fepiztd de macréfagos alveolares,
na fase cronica da infeccdo (oitava semana). Oés®y um menor numero de
macrofagos nos pulmdes dos animais MyD88KO caiiaatiw pelo menor nimero de
células CD11h Verificamos também que o infiltrado celular @Em@sva menor
nimero de células mieldides ativadas CD1dk" e CD11BCD40". Ao estudar a
populacdo linfocitaria na oitava semana de infeagi@®ervamos que os linfécitos T
CD4 dos animais MyD88KO apareciam em menor nUmessta/am menos ativados,
com menor expressdo de CD28le acordo, observamos uma menor populagio de
linfocitos CD4CD25". Contudo, ndo observamos diferengas no nimermideitos T
CD8, como também n&o houve diferenca na ativac&taslecélulas entre animais
MyD88 deficientes e normais.

Assim, verificamos que a sinalizacao via MyD88tipgra na determinacéo do
infiltrado pulmonar rico em macroéfagos e linfécitbsCD4 ativados. Desta forma, o
maior afluxo e ativacdo de macréfagos e linféoisg associado com uma menor carga
fungica, indicando a importancia da sinalizacédo 8§Ma construcdo de uma resposta
imune eficiente capaz de controlar a carga fangic&Como ja mencionado
anteriormente, macréfagos alveolares sdo essemmatontrole da carga flungica de
animais susceptiveis e resistentes na PCM (PIN&.eR007). Além disso, em outro
trabalho do nosso grupo, demonstrou-se que osciin®dT CD4 s&o indispensaveis
para o controle da doenca em animais resistengs NAo nos susceptiveis; a deplecao
de linfécitos T CD4 gerava resposta suprimida del Hiipersensibilidade do tipo
tardio) nas 4° e 8° semana de infecgcdo, diminuigdproducdo de anticorpos 1gG2a,
IgG1 e IgG2b e dos niveis de IL-2 (CHIARELLA et, &007).

Como a adicao de ligantes a TLRs pode regularipasitu negativamente a
acao supressora das células Treg (SUTMULLER e2@06; ZANIN-ZHOROQV et al.,
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2006) e a sinalizagdo via MyD88 pode ser dependdogel LRs, decidimos analisar as
populacdes de células T reguladoras na ausénciElyi88. Apds 8 semanas de
infeccdo verificamos que houve um menor afluxo éiellas CD4CD25FoxP3 no
infiltrado células dos pulmdes dos animais MyD88K&3te resultado sugere que a
expanséao das células Treg é dependente da sidaizéa MyD88 como j& havia sido
descrito por Sutmuller et al. (2006). Neste traballim ligante do TLR-2, o Paqys,
atuou diretamente na proliferacéo vitro e in vivo de Tregs durante infec¢cdo por
Candida albican® esta proliferacéo foi dependente de MyD88.

Verificamos até agora que a auséncia de MyD88 tmsutuma deficiente
producdo de compostos fungicidas por macréfagespaNO, além de uma deficiente
producdo de algumas citocinas. Esta deficiente yp@a de citocinas durante a
imunidade inata deve ter ocasionado uma menorcdiivea resposta imune adaptativa.
Isto fica evidenciado pela menor ativacdo de magasd, assim como, pelo afluxo de
menor numero de células T CD4 ativadas para o quliB&te quadro culminou com
uma carga fangica maior nos pulmdes dos animais 88yBeficientes, assim como,
permitiu a disseminacdo do fungo para outros orgémwo figado e baco. Pulmbes e
figado, principalmente, apresentaram graves lesdes a presenca de granulomas
coalescentes e ricos de agregados fungicos. Assimundongos MyD88 deficientes
nao foram eficientes no controle da doenca e nmaomr&m um tempo mais curto que 0s
animais MyD88 competentes, como mostrado atraveexieerimentos de sobrevida.

Em conjunto, nossos achados demonstram que ainmotdyD88 é
importante para a ativacdo nos mecanismos fungicatmtra oP. brasiliensise,
consequentemente, para o controle da doenca. Bates estdo de acordo com os
encontrados na literatura. Bretz et al. (2008) eabalharem comCriptococcus
neoformans evidenciaram que a proteina MyD88 é indispenspaeh 0 controle da
carga fungica pulmonar de camundongos infectadésy ae ser responsavel pela
organizagdo da inflamagdo e lesdes pulmonares sa faicial da infecgéo.
Trabalhando con€andida albicansGow et al. (2007) relataram que a proteina MyD88
€ indispenséavel para o controle da infeccdo, serdponsavel pela sinalizacdo na
producado de citocinas como IL-10 e TNFEntretanto, em trabalho recente corR.o
brasiliensis Gonzalez et al. (2008) relataram que a proteig®88 nao é essencial
para uma defesa eficiente frente ao fungo, comvatgrte crescimento flingico e
producao de citocinas entre animais MyD88KO e W&ie Eesultado oposto é dificil de

explicar, porém o grupo utilizou-se de uma viardedc¢ao diferente do nosso modelo, a
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via endovenosa. Deve-se, entretanto, argumentar eqa trabalhos anteriores
(LOURES et al. 2009; 2010) verificamos que o TLR-@ TLR-4 influenciam a PCM e

ambos os receptores sinalizam utilizando a moléuégtadora MyD88.

Gostariamos de terminar a nossa discussdo amedenima visdo geral e
integrada sobre a participacdo dos TLRs (TLR-2 &-B). e da molécula MyD88 na
PCM murina. A auséncia do receptor TLR-2 levounaauinfeccdo menos grave
associada com maior afluxo de PMNs para o focoatmgh e de maiores niveis de
citocinas Thl1l7. Contudo, animais TLR-2-deficientapresentaram mortalidade
equivalente e lesdes pulmonares tdo graves qugnilas apresentadas pelos animais
do grupo controle. A auséncia do receptor TLR#Ab@M esteve associada a uma
doenca menos grave, com menor producdo de IL-1#oeimas do tipo Thl7; a
deficiéncia de imunidade T CD4 encontrava-se aadaca expansdo de maior numero
de células T regulatérias. Por fim, a ausénciaim@izacdo via MyD88 resultou numa
infeccdo mais grave, e menor producdo de citocirtels Th2, Th1l7, assim como,
menor expansado de células T efetoras e célulaglatérias. Esta visdo geral esta

esquematizada na figura a seguir:

Gravidade Imunidade Imuno - Gravidade Destino da
da Prevalente regula ¢do das doen ¢a
Infec ¢éo lestes (mortalidade)
APC Graves com N&o
ﬂ @ @ poucos alterada
A fungos
Thl7 A TregV (A PMN)
TLR2
ﬂ @ @ Menos graves Nao
» © com poucos alterada
J —ﬁ Thi7v Thiv Treg A fungos
TLR4
e 0 Muito graves Aumentada
% ﬁ @) @ e comgmuito
MyD88 Thiv Th2¥ Thl7V Treg v fungos

Nossos dados, portanto, demonstram que na PCM palmas funcdes
exercidas pelos receptores TLR-2 e TLR-4 assim camstalizacao celular mediada
pela proteina adaptadora MyD88 sdo importantespareesposta equilibrada contra o

P. brasiliensis A auséncia de cada uma destas moléculas levaragd@es distintas da
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resposta imune e o conhecimento da sua funcao fgiopou um maior entendimento

da imunopatologia na paracoccidioidomicose.

6 CONCLUSOES

1. Os estudos sobre a funcédo do TLR-2 na paracocgadincose sugerem que
este receptor ao interagir comPo brasiliensisleva a ativacdo do macréfago, maior
fagocitose e maior producéo de citocinas e NO. @hmtestes mecanismos nao foram
suficientes para controlar o crescimento fungicanf&ccaoin vivo de camundongos
normais e deficientes para o TLR-2 indicou quees@nca do TLR-2 funcional levou a
uma infeccdo mais grave associada com maior prodiedl-10 e expanséo de células
T regulatérias. Em contrapartida, animais TLR-Zdilefites apresentaram um infiltrado
rico em PMN associado com uma producédo de citocihds e, apesar de uma menor
carga fungica, apresentaram lesbes tdo graves aquaqielas dos animais TLR-2
normais. Pudemos concluir, entdo, que o receptd®-ZLalém de inibir a resposta

Th17, regula negativamente a patologia pulmonar.

2. A auséncia da molecula MyD88 resultou numa produgéficiente de
compostos fungicidas, como o NO, além de uma p@audiminuida de algumas
citocinas. Esta interac&o deficiente com o fungulteu em respostas imunes inata e
adaptativa ineficientes, evidenciadas pela menwvagi#io de macrofagos, assim como,
pelo afluxo de menor nimero de células T CD4 atisgobra o foco da doenca. Este
quadro resultou em maior carga fungica nos pulm@ssim como permitiu a
disseminacdo do fungo para outros 6rgdos, comddigabaco. Assim, camundongos
MyD88 deficientes ndo foram capazes de controldoenca o que ocasionou a sua
mortalidade precoce. Pudemos entdo concluir quetaipa MyD88 é importante para
a ativagao dos mecanismos de imunidade inata eaddapcontra dP. brasiliensise,

consequentemente, para o controle da doenca.

114



REFERENCIAS BIBLIOGRAFICAS*

ADEREM, A.; ULEVITH, R. J. Toll-Like receptors inhe induction of the innate
immune responsd&ature, v. 406, p. 782-785, 2000.

AKIRA, S.; UEMATSU, S. Toll-like receptors and inleaimmunity.J. Mol. Med., v.
84, p. 712-725, 2006.

ASSEMAN, C.; MAUZE, S.; LEACH, M. W.; COFFMAN, R..L. POWRIE, F. An
essential role for interleukin 10 in the functioh megulatory T cells that inhibit
intestinal inflammationJ. Exp. Med,, v. 190, p. 995-1004, 1999.

ARANGO, M.; YARZABAL, L. T-cell dysfunction and hygrimmuno-globulinemia E
in paracoccidioidomycosisdycopathol., v. 79, p.115-123, 1982.

ARRUDA, C.; KASHINO, S. S.; FAZIOLI, R. A.; CALICH,V. L. A primary
subcutaneous infection witharacoccidioides brasiliensigads to immunoprotection or
exacerbated disease depending on the route otolalMicrobes Infect., v. 9, p. 308-
316, 2007.

ARRUDA, C.; VALENTE-FERREIRA, R. C.; PINA, A.; KASHNO, S. S.; FAZIOLI,
R. A.; VAZ, C. A. C.; FRANCO, M. F.; CALICH, V. LG. Dual role of IL-4 in
pulmonary paracoccidioidomycosis: Endogenous IL-dn cinduce protection or
exacerbation of disease depending on the hostiggragtern.infect. Immun., v. 72, p.
3932-3940, 2004.

ARRUDA, C.; FRANCO, M. F.; KASHINO, S.; NASCIMENTGCE. R. F.; FAZIOLI,
R. A.; VAZ, C. A. C.; RUSSO, M.; CALICH, V. L. G.nkterleukin-12 protects mice
against disseminated infection causedRaracoccidioides brasiliensibut enhances
pulmonary inflammationClinical Immunology, v. 103, p. 185-195, 2002.

BAIDA, H.; BISELLI, P. J. C.; JUVENALE, M.; DELNEGR), G. M. B.; MENDES,
R. P.; GIANNINI, M. J. S.; DUARTE, A. J. S.; BENARDBG. Differential antibody
isotype expression to the majParacoccidioides brasiliensiantigen in juvenile and
adult form paracoccidioidomycosiglicrobes Infec., v. 1, p. 273-278, 1999.

BELKAID, Y. Regulatory T cells and infection: a dgerous necessityNat. Ver.
Immunol., v. 7, p. 875-888, 2007.

*De acordo com: )
ASSOCIACAO BRASILEIRA DE NORMAS TECNICASNBR 6023 Informacéo e documentagéo:
referéncias: elaboracdo. Rio de Janeiro, 2002.

115



BELKAID, Y.; PICCIRILLO, C. A.; MENDEZ, S.; SHEVACHE. M.; SACKS, D. L.
CD4+CD25+ regulatory T cells contrbkeishmania majompersistence and immunity.
Nature, v. 420, p. 502-507, 2002.

BELLOCCHIO, S.; MONTAGNOLI, C.; BOZZA, S.; GAZIANOR.; ROSSI, G,
MAMBULA, S. S.; VECCHI, A.; MANTOVANI, A.; LEVITZ, S. M.; ROMANI, L.
The Contribution of the Toll-Like/IL-1 receptor segfamily to innate and adaptive
immunity to fungal pathogens in vivd. Immunol., v. 172, p. 3059-3069, 2004.

BERNARDINO, S. Paracoccidioidomicose pulmonar em camundongos

geneticamente deficientes da enzima iINOS2005. Dissertacdo (Mestrado em
Imunologia) - Instituto de Ciéncias Biomédicas, \msidade de S&o Paulo, S&o Paulo,
2005.

BETTELLI, E.; CARRIER, Y.; GAO, W.; KORN, T.; STROMT.B.; OUKKA, M.;
WEINER, H.L.; KUCHROO, V.K. Reciprocal developmehtpathways for the
generation of pathogenic effector TH17 and regwaio cells.Nature, v. 11, p. 235-
238, 2006.

BIONDO, C.; MIDIRI, A.; MESSINA, L., TOMASELLO, F.; GARUFI, G,
CATANIA, M. R.; BOMBACI, M.; BENINATI, C.; TETI, G; MANCUSO, G. MyD88
and TLR-2, but not TLR-4, are required for host etsie againsCryptococcus
neoformansEur. J. Immunol., v. 35, p. 870-878, 2005.

BOCCA, A. L.; HAYASSHI, E. E.; PINHEIRO, A. G.; FURNETTO, A. B,
CAMPANELLI, A. P.; CUNHA, F. Q.; FIGUEIREDO, F. Tement of
Paracoccidioides brasiliensisifected mice with a nitric oxide inhibitor preusnthe
failure of cell-mediated immune respondelmmunol., v. 161, p. 3056-3063, 1988.

BOZZA, S.; ZELANTE, T.; MORETTI, S.; BONIFAZI, P.;DELUCA, A,

D'ANGELO, C.; GIOVANNINI, G.; GARLANDA, C.; BOON, L; BISTONI, F.;

PUCCETTI, P.; MANTOVANI, A.; ROMANI, L. Lack of Tdl IL-1R8 exacerbates
Th17 cell responses in fungal infectidnlmmunol., v. 180, p. 4022-4031, 2008.

BRETZ, C.; GERSUK, G.; KNOBLAUGH, S.; CHAUDHARY, N.RANDOLPH-
HABECKER, J.; HACKMAN, R.C.; STAAB, J.; MARR, K.AMyD88 signaling
contributes to early pulmonary response&\spergillus fumigatudnfect. Immun., v.
76, p. 952-958, 2008.

116



BRITO, T. FURTADO, J.S.; CASTRO, R.M.; MANINI, Mntraepithelial parasitism
as an infection mechanism in human paracoccidiojdasis (South American
blastomycosis)Virchows Arch. A. Pathol. Anat.,v. 361, p. 129-38. 1973.

BRUMMER, E.; CASTANEDA, E.; RESTREPO, A. Paracodcidomycosis an
update Clin. Microbiol ., v. 6, p. 89-98, 1993. Review.

BROWN, G.D. Dectin-1: a signalling non-TLR patteeeognition receptoMat. Rev.
Immunol., v. 6, p. 33-43, 2006.

CACERE, C. R.; ROMANO, C. C.; MENDES-GIANNINI, M.. 5.; DUARTE, A. J;
BENARD, G. The role of apoptosis in the antigenesiie T cell hyporesponsiveness of
paracoccidioidomycosis patien@Glin. Immunol ., v. 105, p. 215-222, 2002.

CAl, S.; BATRA. S.; SHEN. L.; WAKAMATSU, N.; JEYASELAN. S. Both TRIF-
and MyD88-dependent signaling contribute to hosfere against pulmonary
Klebsiella infectionJ. Immunol., v. 183, p. 6629-6638, 2009.

CALICH, V. L. G.; BLOTTA, M. H. S. L. Pulmonary pacoccidioidomycosis. In
Fidel, P. L.; Huffnagle, G. B.Fungal Immunology. From an Organ Perspectividew
York: Springer, 2005. p. 201-228.

CALICH, V.L.G.; PINA, A.; FELONOTO, M.; BERNARDINO,S.; COSTA, T.A. ;
LOURES, F.V. Toll-like receptors and fungal infexti the role of TLR-2, TLR-4 and
MyD88 in paracoccidioidomycosi&EMS Immunol. Med. Microbiol., v. 53, p. 1-7,
2008. Review.

CALICH, V. L. G,; KIPNIS, T. L.; MARIANO, M.; FAVANETO, C.; DIAS, W. D.
The activation of complement system Bgracoccidioides brasiliensis “in vitra”its
opsonic effect and possible significance for ianvivo model of infection.Clin.
Immunol. Immunopathol., v. 12, p. 20-30, 1979.

CALICH, V. L. G.; SINGER-VERMES, L. M.; SIQUEIRA, AM.; BURGER, E.
Susceptibility and resistance of inbred miceParacoccidioides brasiliensiBr. J.
Exp. Pathol., v. 66, p. 585-594, 1985.

CAMPANELLI, A. P.; GISLAINE, A. M.; SOUTO, J. T.; BEREIRA, M. S. F,;

LIVONESI, R. M.; SILVA, J. S.. Fas-Fas ligand (CDE®95L) and cytotoxic T

lymphocyte antigen-4 engagement mediate T cell gpaesivess in patients with
paracoccidioidomycosid. Infec. Dis, v. 187, p. 1496-1505, 2003.

117



CAMPOS, M. A. S.; ALMEIDA, I. C.; TAKEUCHI, O.; AKRA, S.; VALENTE, E. P.;
PROCOPIO, D. O.; TRAVASSOS, L. R.; SMITH, J. A,; GENBOCK, D. T.;
GAZZINELLI, R. T. Activation of Toll-like receptof by glycosylphosphatidyllinositol
anchors from a protozoan parastelmmunol., v. 167, p. 416-426, 2001.

CAMPOS, M. A., CLOSEL, M.; VALENTE, E.P.; CARDOSQI, E.; AKIRA, S
ALVAREZ-LEITE, J. I.; ROPERT, C.; GAZZINELLI, R. Tlmpaired production of
proinflammatory cytokines and host resistance toteagnfection withTrypanosoma
cruzi in mice lacking functional myeloid differentiatidactor 88.J. Immunol., v. 172,
p.1711-1718, 2004.

CAMPOS, M. A.; ROSINHA, G. M. S.; ALMEIDA, I. C.; SLGUEIRO, X. S
JARVIS, B. W.; SPLITTER, G. A.; QURESHI, N.; BRUNROMERO, O
GAZZINELLI, R. T.; OLIVEIRA, S. C. Role of Toll-lile receptor 4 in induction of
cell-mediated immunity and resistance Baucella abortusinfection in mice.Infec.
Immun., v. 72, p. 176-186, 2004.

CANO, L. E.; BRUMMER, E.; STEVENS, D. A.; RESTREPA, Fate of conidia from
Paracoccidioides brasiliensigfter ingestion by resident macrophages or cysskin
treated macrophagdsfect. Immun., v. 60, p. 2096-2100, 1992.

CANO, L. E.; GOMEZ, V.; BRUMMER, E.; RESTREPO, ASTEVENS, D. A.
Inhibitory effect of deferoxamine or macrophageivation on transformation of
Paracoccidioides brasiliensisconidia ingested by macrophages: reversal by
holotrasnferrin Infect. Immun., v. 60, p. 1494-1496, 1994.

CANO, L. E.; SINGER-VERMES, L. M.; VAZ, C. A. C.;BSSO, M.; CALICH, V. L.
G. Pulmonary paracoccidioidomycosis in resistard ansceptible mice: relationship
among progression of infection, bronchoalveolarl @adtivation, cellular immune
response, and specific isotype pattemfect. Immun., v. 63, p. 1777-1783, 1995.

CANO, L. E.; SINGER-VERMES, L. M.; COSTA, T. A.; MIEGEL, J. O.; XIDIEH, C.
F.; ARRUDA, C.; ANDRE, D. C.; VAZ, C. A.; BURGER, .ECALICH, V. L.
Depletion of CD8(+) T cells in vivo impairs host fdese of mice resistant and
susceptible to pulmonary paracoccidioidomycokifect. Immun., v. 68, p. 352-359,
2000.

CANO, L. E.; KASHINO, S. S.; ARRUDA, C.; ANDRE, DXIDIEH, C. F.; SINGER-
VERMES, L. M.; VAZ, C. A. C.; BURGER, E.; CALICH, VL. G. Protective role of
gamma interferon in experimental pulmonary paraicthaiclomycosis.Infect. Immun.,
v. 66, p. 800-806, 1998.

118



CARLSON, T., KROENKE, M.; RAO, P.; LANE, T. E.; SEG, B. The Th17-ELR+
CXC chemokine pathway is essential for the develamnof central nervous system
autoimmune diseasé. Exp. Med.,v. 205, p. 811-823, 2008.

CASTANEDA, E.; BRUMMER, E.; PAPPAGIANIS, D.; STEVEN D. A.
Impairment of cellular but not humoral immune rasg® in chronic pulmonary and
disseminated paracoccidioidomycosis in mikdect. Immun., v. 56, p. 1771-1777,
1988.

CAVASSANI, K. A. Participacdo de células T-reguladoras no controlealresposta
imune durante a paracoccidioidomicose humana2006. (Tese de doutorado) —
Faculdade de Medicina, Universidade de S&o Paibejio Preto, 2006.

CHIARELLA, A. P.; ARRUDA, C.; PINA, A,; COSTA, T. A FERREIRA, R. C;;
CALICH, V. L. The relative importance of CD4+ and8+T cells in immunity to
pulmonary paracoccidioidomycosiicrobes Infect.,v. 9, p. 1078-1088, 2007.

COLTRI, K. C.; OLIVEIRA, L. L.; PINZAN, C. F.; VENIRUSCOLO, P. E;
MARTINEZ, R.; GOLDMAN, M. H.; PANUNTO-CASTELO, A.; ROQUE-
BARREIRA, M. C. Therapeutic administration of KM+dtin protects mice against
Paracoccidioides brasiliensisnfection via interleukin-12 production in a toiké
receptor 2-dependent mechanigkm. J. Pathol,, v. 173, p. 423-432, 2008.

COOPER, A. M. IL-23 and IL-17 have a multi-facetadgely negative role in fungal
infection.Eur. J. Immunol.,v. 37, p. 2680-2682, 2007.

COUTINHO, Z. F.; SILVA, D.; LAZERA, M.; PETRI, V.;OLIVEIRA, R. M,;
SABROZA, P. C.; WANKE, B. Paracoccidioidomycosis madity in Brasil. Cad.
Saude Publicav. 18, p. 1441-1454, 2002.

CUA, D.J.; KASTELEIN, R.A. TGH3, a “double agent” in the immune pathology war.
Nat. Immunol., v. 7, p. 557-559, 2006.

DE LUCA, A.; MONTAGNOLI, C.; ZELANTE, T.; BONIFAZI, P.; BOZZA, S,
MORETTI, S.; D'ANGELO, C.; VACCA, C.; BOON, L.; BIBONI, F.; PUCCETTI,
P.; FALLARINO, F.; ROMANI, L. Functional yet balaad reactivity toCandida
albicansrequires TRIF, MyD88, and IDO-dependent inhibit@nRorc.J. Immunol.,
v. 179, p. 5999-6008, 2007.

119



DENNEHY, K.M.; FERWERDA, G.; FARO-TRINDADE, |.; PYZE.; WILLMENT,
J.A.; TAYLOR, P.R.; KERRIGAN, A.; TSONI S.\V.; GORDO S.; MEYER-
WENTRUP, F. Syk kinase is required for collaboratiwytokine production induced
through Dectin-1 and Toll-like receptoEur. J. Immunol., v. 38, p.500-506, 2008.

DIECKMANN, D.; PLOTTNER, H.; BERCHTOLD, S.; BERGER,; SCHULER, G..
Ex vivo isolation and characterization of CD4(+)CD25(+) @ll€ with regulatory
properties from human blood. Exp. Med.,v. 193, p. 1303-1310, 2001.

DING, A. H.; NATHAN, C. F.; STUEHR, D. J. Releasd oeactive nitrogen
intermediates and reactive oxygen intermediates frouse peritoneal macrophagés.
Imunol., v. 141, p. 2407-2412, 1988.

DINIZ, S.N.; NOMIZO, R.; CISALPINO, P.S.; TEIXEIRAM.M.; BROWN, G.D.;
MANTOVANI, A.; GORDON, S.; REIS, L.F.; DIAS, A.A. PX3 function as an
opsonin for the dectin-1-dependent internalizatadnzymosan by macrophages.
Leukoc. Biol., v. 75, p. 649-656, 2004.

DOYLE, S. L.; O'NEILL, L. A. J. Toll-like receptorsFrom the discovery of NFKB to
new insights into transcriptional regulation inat@ immnunityBiochem. Pharmacol.,
V.72, p. 1102-1113, 2006.

FAZIOLI, R. A. Paracoccidioidomicose experimental murina. Estudo al

proliferacéo e da contribuicdo de células T CD%e T CD8 na resposta imune de
camundongos resistentes e susceptivei997. (Tese de Doutorado) — Instituto de
Ciéncias Biomédicas, Universidade de S&o PauloPaato, 1977.

FAVA NETTO, C. Estudos quantitativos sobre a fb@cdo complemento na
blastomicose sul-americana, com antigeno poliskzarArg. Cir. Clin. Exp. Séo
Paulo, v. 18, p. 197-254, 1955.

FERREIRA, K.S.; BASTOS, K.R.; RUSSO, M.; ALMEIDA,.B. Interaction between
Paracoccidioides brasiliensind pulmonary dendritic cells induces interleukin-
production and toll-like receptor-2 expression:gile mechanisms of susceptibility.
Infect. Dis., v. 196, p. 1108-1115, 2007.

FERRETTI, S.; BONNEAU, O.; DUBOIS, G. R.; JONES, E; TRIFILIEFF, A., IL-
17, produced by lymphocytes and neutrophils, isessary for lipopolysaccharide-
induced airway neutrophilia: IL-15 as a possibigger. J. Immunol., v. 170, p. 2106-
2112, 2003.

120



FERWERDA, G.. MEYER-WENTRUP, F.; KULLBERG, B.J.; NEA. M.G,;
ADEMA. G.J. Dectin-1 synergizes with TLR-2 and TIRfor cytokine production in
human primary monocytes and macrophagasl Microbiol., v. 10, p. 2058-2066,
2008.

FONTENOT, J.D.; RUDENSKY, A.Y. A well adapted regtdry contrivance:
regulatory T cell development and the forkhead fatnanscription factor Foxp3\at.
Immunol., v. 6, p. 331-337, 2005.

FREMOND, C.M.; TOGBE, D.; DOZ, E.; ROSE, S.; VASSEUV.; MAILLET, |;
JACOBS, M.; RYFFEL. B.; QUESNIAUX, V.F. IL-1 receaptmediated signal is an
essential component of MyD88-dependent innate respoto Mycobacterium
tuberculosisnfection.J. Immunol., v. 179, p. 1178-1189, 2007.

GANTNER, B.N.; SIMMONS, R.M.; CANAVERA, S.J.; AKIRAS.; UNDERHILL,
D.M. Collaborative induction of inflammatory resmg@s by dectin-1 and Toll-like
receptor 2J. Exp. Med,, v. 197, p. 1107-1117, 2003.

GONZALEZ, A.; YANEZ, A.; GOZALBO, D.; GIL, M.L. MyD88 is dispensable for
resistance toParacoccidioides brasiliensisn a murine model of blood-borne
disseminated infectiolsEMS Immunol. Med. Microbiol., v. 54, p. 365-374, 2008.

GONZALEZ, A.; GREGORI, W.; VELEZ, D.; RESTREPO, ACANO, L. E. Nitric
oxide participation in the fungicidal mechanismgaimma interferon-activated murine
macrophages againBaracocciodioides brasiliensisonidia.Infect. Immun., v. 68, p.
2456-2452, 2000.

GOW, N.A.; NETEA, M.G.; MUNRO, C.A.; FERWERDA, GBATES, S.; MORA-
MONTES, H.M.; WALKER, L.; JANSEN, T.; JACOBS, L.;SONI, V.; BROWN,
G.D.; ODDS, F.C.; VAN DER MEER, J.W.; BROWN, A.JKULLBERG, B.J.
Immune recognition ofCandida albicansbeta-glucan by dectin-1. Infect. Dis., v.
196, p. 1565-1571, 2007.

GOZALBO, D.; GIL, M. L. TLR-2, but not TLR-4, triggrs cytokine production by
murine cells in response @fandida albicang/est and hyphaeMicrobes and Infect.,
V. 8, p. 2299-2304, 2006.

HAPPEL, K. I.; ZHENG, M.; YOUNG, E.; QUINTON, L. J.LOCKHART, E,;
RAMSAY, A. J.; SHELLITO, J. E. Cutting edge: rolesToll-like receptor 4 and IL-23
in IL-17 expression in response kdebsiella pneumonia@nfection. J. Immunol., v.
170, p. 4432-4436, 2003.

121



HATANO, Y.; TANIUCHI, S.; MASUDA, M.; TSUJI. S.; ID, T.; HASUIL. M
KOBAYASHI. Y.; KANEKO, K. Phagocytosis of heat-kdtl Staphylococcus aureus by
eosinophils: comparison with neutroph#MIS, v. 117, p. 115-23, 20009.

HORI, S.; NOMURA, T.; SAKAGUCHI, S. Control of retatory T cell development
by the transcription factor FoxpScience, v. 299, p.1057-1061, 2003.

HOFFMANN, J. A.; KAFATOS, F.C.; JANEWAY, C. A,; EZBOWITZ, R. A.
Phylogenetic perspective in innate immunggiencev. 284, p. 1313-1316, 1999.

HUANG, W.; NA, L.; FIDEL, P.L.; SCHWARZENBERGER, PRequirement of
interleukin-17A for systemic an@andida albicanshost defense in micel. Infect.
Dis.,v. 190, p. 624-631, 2004.

HUFFNAGLE, G.B.; YATES, J.L.; LIPSCOMB, M. Immumritto a pulmonary
Cryptococcus neoformansfection requires both CD4and CD8 T cells. J. Exp.
Med., v. 173, p. 793-800, 1991.

IVANOV, S.; BOZINOVSKI, S.; BOSSIOS, A.; VALADI, H. VLAHOS, R;
MALMHALL, C.; SIOSTRAND, M.; KOLLS, J.K.; ANDERSONG.P.; LINDEN, A.
Functional relevance of the IL-23-IL-17 axis in gmin vivo. Am. J. Respir. Cell.
Mol. Biol., v. 36, p. 442-451, 2007.

JIMENEZ, M. P.; RESTREPO, A.; RADZIOCH, D.; CANO.E; GARCIA, L. F.
Importance of complement 3 and mannose receptors plragocytosis of
Paracoccidioides brasiliensisconidia by Nrampl congenic macrophages lines.
Immunol. Med. Micobiol., v. 47, p. 56-66, 2006.

KARHAWI, A. S. K.; COLOMBO, A. L.; SALOMAO, R. Prodction of IFNy is
impaired in patients with paracoccidioidomycosisiniy active disease and is restored
after clinical remissiorMed. Mycol., v. 38, p. 225-229, 1999.

KASHINO, S. S.; CALICH, V. L. G.; BURGER, E.; SINGE-VERMES, L. M.In
vivo and in vitro characteristics of sixParacoccidioides brasiliensisstrains.
Mycopathol., v. 92, p. 173-178, 1985.

KASHINO, S. S.; FAZIOLI, R. A.; MOSCARDI-BACCHI, M. FRANCO, M.;
SINGER-VERMES, L. M.; BURGER, E.; CALICH, V. L. CEffect of macrophage
blockade on the resistance of inbred micdPtracoccidioides brasiliensimfection.
Mycopathol., v. 130, p. 131-140, 1995.

122



KATTAH, M.G.; WONG, M.T.; YOCUM, M.D.; UTZ, P.J. Qykines secreted in
response to Toll-like receptor ligand stimulatiorodulate differentiation of human
Th17 cells Arthritis Rheum ., v. 58, p.1619-1629, 2008.

KOBAYASHI, Y. The role of chemokines in neutrophilology. Front. Biosci., v. 13,
p. 2400-2407, 2008.

KOLLS, J.K.; LINDEN, A. Interleukin-17 family memig and inflammation.
Immunity , v. 21, p. 467-476, 2004.

KORN, T.; BETTELLI, E.; OUKKA, M.; KUCHROO, V.K. I:17 and Th17 Cells.
Annu. Rev. Immunol., v. 27, p. 485-517, 2009, Review.

LEIBUNDGUT-LANDMANN, S.; GROSS, O.; ROBINSON, M.J.OSORIO, F;
SLACK, E.C.; TSONI, S.V.; SCHWEIGHOFFER, E.; TYBUMACZ, V.; BROWN,
G.D.; RULAND, J.; REIS E SOUSA, C. Syk- and CARDé&pa&ndent coupling of
innate immunity to the induction of T helper ceflat produce interleukin 1MNat.
Immunol., v. 8, p. 630-638, 2007.

LEY, K.; SMITH, E.; STARK, M.A. IL-17A-producing n&rophil-regulatory T
lymphocytesImmunol. Res.,v. 34, p. 229-242, 2006.

LIANG, S.C.; LONG, A.J.; BENNETT, F., WHITTERS, M; KARIM, R;
COLLINS, M.; GOLDMAN, S.J.; DUNUSSI-JOANNOPOULOS, .KWILLIAMS,
C.M.; WRIGHT, J.F.; FOUSER, L.A. An IL-17F/A hetatiner protein is produced by
mouse Th17 cells and induces airway neutrophilureaent.J. Immunol., v. 179, p.
7791-7799, 2007.

LINDEN, A.; LAAN, M., ANDERSON, J.P. Neutrophilsnierleukin-17A and lung
diseaseEur. Respir. J.,v. 25, p. 159-172, 2005.

LIU, G.; ZHAO, Y. 2007.Toll-like receptors and immune regulation: theiredt and
indirect modulation on regulatory CDL£D25 T cells. Immunology, v. 122, p.149-
156, 2007.

LOURES, F.V.; PINA, A.; FELONATO, M.; ARAUJO, E.FLEITE, K.R.; CALICH,
V.L. TLR-4 signaling leads to a more severe fungédction associated with enhanced
proinflammatory immunity and impaired expansion regulatory T cells.Infect.
Immun. 2010.

123



LOURES, F.V.; PINA, A.; FELONATO. M.; CALICH, V.L.TLR-2 is a negative
regulator of Th17 cells and tissue pathology iruammnary model of fungal infection.
J. Immunol., v. 183, p. 1279-1290, 2009.

MACMICKING, J.; XIE, Q.W.; NATHAN, C. Nitric oxideand macrophage function.
Annu. Rev. Immunol., v. 15, p. 323-350, 1997.

MAMONI, R. L.; NOUER, A. S. A.; OLIVEIRA, S. A.; MBATTI, C. C.; ROSSI, C.
L.; CAMARGO, Z. P.; BLOTTA, M. H. S. Enhanced pradion of specific IgG4, IgE,
IgA e TGFf in sera from patients with the juvenile form ofrg@occidioidomycosis.
Med. Mycology, v. 40, p. 1-7, 2002.

MANGAN, P.R.; HARRINGTON, L.E.; O'QUINN. D.B.; HELM, W.S.; BULLARD,
D.C.; ELSON, C.O.; HATTON, R.D.; WAHL, S.M.; SCHOEB .R.; WEAVER, C.T.
Transforming growth factor-beta induces developnadrihe T(H)17 lineageNature.,
v. 441, p. 231-234, 2006.

MANICASSAMY, S.; RAVINDRAN, R.; DENG, J.; OLUOCH. H DENNING, T.;
KASTURI, S.P.; ROSENTHAL, K.M.; EVAVOLD, B.D.; PULEDRAN, B. Toll-like
receptor 2-dependent induction of vitamin A-metaoy enzymes in dendritic cells
promotes T regulatory responses and inhibits autaimty. Nat. Med., v. 15, p. 401-
409, 2009.

MENDES-GIANNINI, M. J. S.; DEL NEGRO, G. B.; SIQUEA, A. M. Serodiagnosis
In. M. Franco, C. da Silva Lacaz, A. Restrepo, a@Gd del Negro (ed.),
ParacoccidioidomycosisCRC Press, Inc., Boca Raton. 345-363, 1984..

MICHEL, M.L.; KELLER, A.C.; PAGET, C.; FUJIO, M.; ROTTEIN, F.; SAVAGE,
P.B.; WONG, C.H.; SCHNEIDER, E.; DY, M.; LEITE-DMORAES, M.C.
Identification of an IL-17-producing NK1.1(neg) iNKcell population involved in
airway neutrophilial. Exp. Med.,v. 204, p. 995-1001, 2007.

MICHEL, M.L.; MENDES-DA-CRUZ, D.; KELLER, A.C.; LOGINER, M

SCHNEIDER, E.; DY, M.; EBERL, G.; LEITE-DE-MORAESV.C. Critical role of
ROR-gammat in a new thymic pathway leading to Ikpt@ducing invariant NKT cell
differentiation.Proc. Natl. Acad. Sci. U S A v. 105, p. 19845-19850, 2008.

MILLS, K.H. Induction, function and regulation oE-iL7-producing T cellsEur. J.
Immunol., v. 38, p. 2636-2649, 2008.

124



MIYAMOTO, M.; PRAUSE, O SJOSTRAND, M.; LAAN, M.LOTVALL, J,;
LINDEN, A. Endogenous IL-17 as a mediator of neplnib recruitment caused by
endotoxin exposure in mouse airwaysilmmunol., v. 170, p. 4665-4672, 2003.

MONTENEGRO, M. R.; FRANCO, M. Pathology. In: Franchl., Lacaz, C. S,,
Restrepo-Moreno, A. and Del Negro, G. (EdR@racoccidioidomycosis.CRC Press,
Inc., Boca Raton, Fla. 131-147, 1994.

NAKAMURA, K.; KITANI, A.; FUSS, |.; PEDERSEN, A.; ARADA, N.; NAWATA,
H.;, STROBER, W. TGF-beta 1 plays an important rate the mechanism of
CD4'CD25 regulatory T cell activity in both humans and mig¢elmmunol., v. 172,
p. 834-842, 2004.

NASCIMENTO, F. R.; CALICH, V. L. G.; RODRIGUEZ, DRUSSO, M. Dual role
for nitric oxide in paracoccidioidomycosis: essahfor resistance, but overproduction
associated with susceptibility. Immunol., v. 168, p. 4593-4600, 2002.

NETEA, M.G.; FERWERDA. G.; VAN DER GRAAF. C.A.; VANDER MEER. J.W;
KULLBERG. B.J. Recognition of fungal by tool-likeeeptorsCurr. Pharm. Des,, v.
12, p. 4195-4201, 2006.

NETEA, M.G.; SUTMULLER, R.; HERMANN, C.; VAN DER GRAF, C.A.; VAN
DER MEER, J.W.; VAN KRIEKEN, J.H.; HARTUNG, T.; AD®A, G.; KULLBERG,
B.J. Toll-like receptor 2 suppresses immunity aghi@andida albicansthrough
induction of IL-10 and regulatory T cell$. Immunol., v. 72, p. 3712-3718, 2004.

NETEA, M. G.; WARRIS, A.; VAN DE MEER, J. W. M.; RETON, M. J;
VERVER-JANSSEN, T. J.G.; JACOBS., L. E. H.; ANDRBSET.; VERWEIJ, P. E.;
KULLBERG, B. J. Aspergillus fumigatusevades immune recognition during
germination through loss of Toll-Like Receptor-4diaged signal transductionl.
Infect. Dis., v. 188, p. 320-326, 2003.

NICHOLS, J.R.; ALDRICH, A.L.; MARIANI, M.M.; VIDLAK, D.; ESEN, N.;
KIELIAN, T. TLR-2 deficiency leads to increased Thihfiltrates in experimental brain
abscessed. Immunol., v. 182, p. 7119-7130, 2009.

OLIVEIRA, A. C.; PEIXOTO, J. R.; ARRUDA, L. B.; CAROS, M. A;
GAZZINELLI, R. T.; GOLENBOCK, D. T.; AKIRA, S.; PRFEIATO, J. O
PREVIATO, L. M.; NOBREGA, A.; BELLIO, M. Expressionf functional TLR-4
confers proinflammatory responsives Toypanossoma cruznd higher resistence to
infection withT. Cruzi.J. Immunol., v. 173, p. 5688-5696, 2004.

125



OLIVEIRA, S.J.; MAMONI, R.L.; MUSATTI, C.C.; PAPAI®RDANOU, P.M,;
BLOTTA, M.H. Cytokines and lymphocyte proliferatiam juvenile and adult forms of
paracoccidioidomycosis: comparison with infected ann-infected controldicrobes
Infect., v. 4, p. 139-144, 2002.

O'NEILL, L.A.; BOWIE, A.G. The family of five: TIRdomain-containing adaptors in
Toll-like receptor signallingNat. Rev. Immunol., v. 7, p. 353-364. 2007, Review.

PALM, N.W.; MEDZHITOV, R. ANTIFUNGAL DEFENSE TURNS17. Nat.
Immunol., v. 8, p. 549-551, 2007.

PINA, A.; BERNARDINO, S.; CALICH, V.L. Alveolar maophages from susceptible
mice are more competent than those of resistarg toicontrol initialParacoccidioides
brasiliensisinfection.J Leukoc Biol., v. 83, p. 1088-1099, 2008.

PINA, A.; SALDIVA, P.H.N.; RESTREPO, L.E.C; CALICHN. L. G. Neutrophil role
in pulmonary paracoccidioidomycosis depends onrdsstance pattern of hosts.
Leukoc. Biol., v. 79, p. 1202-1213, 2006.

RAOUST, E.; BALLOY, V.; GARCIA-VERDUGO, |.; TOUQUIL.; RAMPHAL, R;
CHIGNARD, M. Pseudomonas aeruginosa LPS or flagellie sufficient to activate
TLR-dependent signaling in murine alveolar macrgasaand airway epithelial cells.
PLoS Oneg v. 4, p. 7259-7266, 2009.

RESTREPO, A. The ecology #faracoccidioides brasiliensisa puzzle still unsolved.
J. Med. Vet. Mycol.,v. 23, p. 323-334, 1985.

RESTREPO, A.; MCEWEN, J. G.; CASTANEDA, E. The habiof Paracoccidioides
brasiliensis how far from solving the riddlei?led. Mycol., v. 39, p. 232-241, 2001.

RESTREPO, A. Immune responses Raracoccidioides brasiliensisn human and
animal hosts. In: McGinnis, M. R. (ed.), Currentpias in Medical Mycology. Springer
Verlag, New York. 239-275, 1988.

RESTREPO-MORENO, A. Ecology d?aracoccidioides brasiliensidn: FRANCO,
M.; LACAZ, C.S.; RESTREPO-MORENO, A.; DEL NEGRO G(Ed.).
Paracoccidioidomycosifoca Ratton: CRC Press, cap. 8, 1994.

126



RESTREPO-MORENO, AEcology of Paracoccidioides brasiliensis. In: FRANCO,
M.; LACAZ, C.S.; RESTREPO-MORENO, A.; DEL NEGRO G(Ed.).
Paracoccidioidomycosifoca Ratton: CRC Press, cap. 8, 1994.

ROPERT, C.; FRANKLIN, B.S.; GAZZINELLI, R.T. RolefolrLRs/MyD88 in host
resistance and pathogenesis during protozoan imfedessons from malarigsemin.
Immunopathol., v. 30, p. 41-51, 2008.

ROMANI, L.; FALLARINO, F.; DE LUCA, A.; MONTAGNOLI, C.; D'’ANGELO,
C.; ZELANTE, T.; VACCA, C.;BISTONI, F.; FIORETTI, MC.; GROHMANN, U.;
SEGAL, B.H.; PUCCETI, P. Defective tryptophan catigdm underlies inflammation
in mouse chronic granulomatous dised$ature, v. 451, p. 211-215, 2008.

ROMANI, L.; ZELANTE, T.; DE LUCA, A.; FALLARINO, F; PUCCETTI, P. IL-17
and therapeutic kynurenines in pathogenic inflanonatio fungi.J. Immunol., v. 180,
p. 5157-5162 , 2008.

RUAS, L.P.; BERNARDES, E.S.; FERMINO, M.L.; DE OYEIRA, L.L.; HSU.
D.K.; LIU, F.T.; CHAMMAS, R.; ROQUE-BARREIRA, M.C.Lack of galectin-3
drives response tBaracoccidioides brasiliensi®oward a Th2-biased immuniti2LoS
One., v. 4, p. 4519-4524, 2009.

SAN-BLAS, F.; SAN-BLAS, G.; INLOW, D. Dimorphism inParacoccidioides
brasiliensis Zentralbl. Bakteriol., v. 8, p. 23-28, 1980.

SINGER-VERMES, L.M.; CIAVAGLIA, M. C.; KASHINO, S.S.; BURGER, E;
CALICH, V. L. G. The source of the growth-promotif@ctor (s) affects the plating
eficiency of Paracoccidioides brasiliensis]. Med.Vet. Mycol., v. 30, p. 261-264,
1992.

SOUTO, J. T.; FIGUEIREDO, F.; FURLANETTO, A.; PFEER, K.; ROSSI, M. A;;
SILVA, J. S. Interferon-gamma and tumor necrosgtdiaalpha determine resistance to
Paracoccidioides brasiliensimfection in mice Am. J. Pathol.,, v. 156, p. 1811-1820,
2000.

SOUTO, J. T.; ALIBERT, J. C.; CAMPANELLI, A. P.; MONESI, M. C.; MAFFEI,
C. M. L.; FERREIRA, B. R.; TRAVASSOS, L. R.; MARTEZ, R.; ROSSI, M. &
SILVA, J. S. Chemokine production and leukocyterugment to the lungs of
Paracoccidioides brasiliensimfected mice is modulated by IFN-Am. J. Pathol, v.
163, p. 583-590, 2003

127



STOCKINGER, B.; VELDHOEN, M. Diffrentiation and fgtion of Th1l7 T cells.
Curr. Opin. Immunol ., v. 19, p. 281-286, 2007.

SUFFIA, 1.J.; RECKLING, S.K.; PICCIRILLO, C.A.; GARSZMID, R.S.; BELKAID,
Y. Infected site-restricted Foxp3+ natural reguipatd cells are specific for microbial
antigensJ. Exp. Med.,v. 203, p.777-788, 2006.

SUTMULLER, R.P.; MORGAN, M.E.; NETEA, M.G.; GRAUERD.; ADEMA, G.J.
Toll-like receptors on regulatory T cells: expargliilmmune regulation.Trends
Immunol., v. 27, p. 387-393, 2006.

SUTMULLER, R.; GARRISTEN, A.; ADEMA, G.J. RegulatpfT cells and toll-like
receptors: regulanting the regulatoksn. Rheum. Dis, v. 66, p. 91-95, 2007.

SUTTON, C.; BRERETON, C.; KEOGH, B.; MILLS, K. H..GLAVELLE, C. A
crucial role for interleukin (IL)-1 in the inductioof IL-17-producing T cells that
mediate autoimmune encephalomyelifisExp. Med.,v. 203, p. 1685-1691, 2006.

TAKEDA, K.; KAISHO, T.; AKIRA, S. Toll-like receptes. Annu. Rev. Immunol., v,
21, p. 335-343, 2003.

THOMA-USZYNSKI, S.; STENGER, S.; TAKEUCHI, O.; OCHQ M. T.; ENGELE,
M.; SIELING, P. A.; BARNES, P. F.; ROLLINGHOFF, MBOLCSKEI, P. L.
WAGNER, M.; AKIRA, S.; NORGARD, M. V.; BELISLE, JT.; GODOWSKI, P. J.;
BLOOM, B. R.; MODLIN, R. L.. Induction of direct @&microbial activity through
mammalian toll-like receptor&ciencev. 21, p. 1544-1547, 2001.

THOMPSON, J. M.; IWASAKI, A. Toll-like receptors gelation of viral infection and
disease.Adv. Drug. Deliv. Rev, v. 60, p. 786-794, 2008, Review.

TRINCHIERI, G.; SHER, A. Cooperation of Toll-likeeceptor signals in innate
immune defenceNat. Rev. Immunol.,v. 7, p. 179-190, 2007.

TUEHR, D. J.; MARLETTA, M. A. Induction of nitriteftrate synthesis in murine
macrophages by BCG infection, lymphokines, §EN- Immunol., v. 139, p. 518-526,
1987.

128



VAZ, C. A.; SINGER-VERMES, L. M.; CALICH, V. L. GComparative studies on the
antibody repertoire produced by susceptible andsteed mice to virulent and
nonvirulentParacaccidioides brasiliensisolates. Am. J. Trop. Med. Hyg., v. 59, p.
971-977, 1998.

VIRIYAKOSOL, S.; FIERER, J.; BROWN, G. D.; KIRKLANDT. N. Innate immunity
to the pathogenic funguSoccidioides posadasis dependent on Toll-Like Receptor 2
and Dectin-1Infect. Immun., v. 73, p.1553-1560, 2004.

WHERRY, E.J.; TEICHGRABER, V.; BECKER, T.C.; MASORJ, D.; KAECH,

S.M.; ANTIA, R.; VON ANDRIAN, U.H.; AHMED, R.. Lin@ge relationship and
protective immunity of memory CD8 T cell subsétst. Immunol., v. 4, p. 225-234,
2003.

WIERSINGA, W.J.; WIELAND, C.W.; ROELOFS, J.J.; VANER POLL, T. MyD88
dependent signaling contributes to protective hdsfense againsBurkholderia
pseudomalleiPLoS Oneg v. 3, p. 3494-3499, 2008.

WIRTZ, S.; BECKER, C.; FANTINI, M.C.; NIEUWENHUISE.E.; TUBBE, I
GALLE, P.R.; SCHILD, H.J.; BIRKENBACH, M., BLUMBERGR.S.; NEURATH,
M.F. EBV-induced gene 3 transcription is induced ByR signaling in primary
dendritic cells via NF-kappa B activatiah.Immunol., v. 174, p. 2814-24, 2005.

WU, Q.; MARTIN, R.J.; RINO, J.G.; BREED, R.; TORRES.M.; CHU, H.W. IL-23-
dependent IL-17 production is essential in neutilageruitment and activity in mouse
lung defense against respiratdvyycoplasma pneumonidefection. Microbes Infect.,
v. 9, p. 78-86, 2007.

YAO, Z.; PAINTER, S. L.; FANSLOW, W. C.; ULRICH, D.MACDUFF, B. M.;
SPRIGGS, M. K.; ARMITAGE, R. J., Human IL-17: a mb\cytokine derived from T
cells.J. Immunol., v. 155, p. 5483-5486, 1995.

YE, P.; RODRIGUEZ, F.H.; KANALY, S.; STOCKING, H.L.SCHURR, J;
SCHWARZENBERGER, P.; OLIVER, P.; HUANG, W.; ZHANG®.; SHELLITO,
J.E.; BAGBY, G.J.; NELSON, S.; CHARRIER, K.; PESCNQJ.J.; KOLLS, J.K.
Requirement of interleukin 17 receptor signaling fong CXC chemokine and
granulocyte colony-stimulating factor expressiomutnophil recruitment, and host
defenseJ. Exp. Med.,v. 194, p. 519-527, 2001.

ZANIN-ZHOROV, A,; CAHALON, L.; TAL, G.; MARGALIT, R.; LIDER, O,
COHEN, I.R. Heat shock protein 60 enhances CD4Ci@gblatory T cell function via
innate TLR-2 signalingl. Clin. Invest,, v. 116, p. 2022-2032, 2006.

129



ZELANTE, T.; DE LUCA, A.; BONIFAZI, P.; MONTAGNOLI, C.; BOZZA, S,
MORETTI, S.; BELLADONNA, M.L.; VACCA, C.; CONTE, G. MOSCI, P,
BISTONI, F.; PUCCETTI, P.; KASTELEIN, R.A.; KOPF, MROMANI, L. IL-23 and
the Thl7 pathway promote inflammation and impaitifangal immune resistance.
Eur. J. Immunol., v. 37, p. 2695-2706, 2007.

ZHOU, X.; BAILEY-BUCKTROUT. S.; JEKER, L.T.; BLUESONE, J.A. Plasticity
of CD4(+) FoxP3(+) T cellsCurr. Opin. Immunol ., v. 21, p. 281-285, 2009, Review.

130



Mycopathologia (2008) 165:223-236
DOI 10.1007/s11046-007-9048-1

Innate immunity to Paracoccidioides brasiliensis infection

Vera Licia Garcia Calich - Tania Alves da Costa *
Maira Felonato + Celina Arruda - Simone Bernardino -
Flavio Vieira Loures - Laura Raquel Rios Ribeiro -
Rita de Cassia Valente-Ferreira - Adriana Pina

Received: 8 May 2007/ Accepted: 7 August 2007
© Springer Science+Business Media B.V. 2007

Abstract Innate immunity is based in pre-existing
elements of the immune system that directly interact
with all types of microbes leading to their destruction
or growth inhibition. Several elements of this early
defense mechanism act in concert to control initial
pathogen growth and have profound effect on the
adaptative immune response that further develops.
Although most studies in paracoccidioidomycosis
have been dedicated to understand cellular and
humoral immune responses, innate immunity remains
poorly defined. Hence, the main purpose of this
review is to present and discuss some mechanisms of
innate immunity developed by resistant and suscep-
tible mice to Paracoccidioides brasiliensis infection,
trying to understand how this initial host-pathogen
interface interferes with the protective or deleterious
adaptative immune response that will dictate disease
outcome. An analysis of some mechanisms and
mediators of innate immunity such as the activation
of complement proteins, the microbicidal activity of
natural killer cells and phagocytes, the production of
inflammatory eicosanoids, cytokines, and chemokines
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among others, is presented trying to show the
important role played by innate immunity in the host
response to P. brasiliensis infection.
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Introduction

Innate immunity has been defined as the first phase of
immune response and is based in pre-existing
elements of the immune system that directly interact
with all types of microbes leading to their destruction
or growth inhibition. Innate immunity, which is not
clonally specific for a particular pathogen and does
not generate specific memory, is mediated by phys-
ical barriers, chemical elements, and cell components
of the immune system. The adaptative immunity,
involving more slowly developing, long-lived, and
highly antigen-specific responses are mediated by
cell-mediated immunity and antibody production.
Several elements of innate immunity act in concert to
control initial pathogen growth and have profound
effect on the adaptative immune response that further
develops. Furthermore, most effector mechanisms of
innate immunity are identical to those of adaptative
immunity that are activated at later phases of immune
response.

@ Springer



224

Mycopathologia (2008) 165:223-236

Several mechanisms of innate immunity such as
the activation of complement proteins, the microbi-
cidal activity of natural killer (NK) cells and
phagocytes, the production of inflammatory cytokines
and chemokines among others, have been shown to
play an important role in the early host response to
pathogens [1]. Besides their intrinsic complexities,
innate immunity mechanisms present important
peculiarities which depend on the site they take
place [2]. The innate immune response against
Paracoccidioides brasiliensis, Coccidioides immitis,
Blastomyces dermatitides, and Histoplasma capsula-
tum, primary fungal pathogens which infect hosts
through the respiratory tract, occurs in the lungs. The
lung response to infection is initiated by the secretion
of several antimicrobial proteins by the pulmonary
epithelium and the phagocytic activity of resident
alveolar macrophages. The cell-wall-degrading
enzyme lyzozyme, the iron-chelating protein lacto-
ferrin and the membrane-permeabilizing members of
the defensin, cathelicidin, and pentraxin families are
the initial antimicrobial proteins secreted in the
alveolar lining layer of the pulmonary epithelium.
Innate immunity recognition of microorganism is
mediated by germ-line encoded receptors (“pattern
recognition receptors, PRR”) which interact with
conserved pathogen structures, the so-called “patho-
gen associated molecular patterns” or “PAMP”
[3-5]. The initial macrophage-pathogen interaction
results in internalization by the activated cell which
can kill the organism through the action of reactive
oxygen species and lytic enzymes or extracellular
microbial containment. In addition, the secretion of
chemokines and cytokines orchestrates the expression
of cell adhesion and chemotactic molecules which
further control the influx and activation of inflamma-
tory cells to the site of infection [1-5].

Although most studies in human PCM have been
dedicated to understand cellular and humoral immune
responses, innate immunity remains poorly defined.
This is easily understood when one reminds that PCM
infection and disease in human beings are recognized
at a later and undefined period after initial infection,
making difficult to evoke the early events which
resulted in controlled infection or overt disease. In
this aspect, experimental models are powerful tools to
study the initial events that govern hosts-P. brasili-
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ensis interactions. Thus, the main purpose of this
review is to present and discuss some mechanisms of
innate immunity to P. brasiliensis infection, trying to
understand how this initial host-pathogen interface
interferes with the protective or deleterious adapta-
tive immune response that will dictate disease
outcome. This review does not intend to be a
comprehensive revision of the PCM literature that
has been reported elsewhere [6—10], but to present a
personal view, mainly based in the murine model of
genetic resistance and susceptibility to P. brasiliensis,
of how innate immunity can influence PCM severity
and the adaptative immune response to this pathogen.

The isogenic murine model of resistance/
susceptibility of paracoccidioidomycosis mimics
the human disease

Our laboratory established a genetically controlled
murine model of paracoccidioidomycosis (PCM),
which allowed us to investigate several parameters of
host-parasite interactions. Most of these studies were
recently reviewed [10-13] and clearly showed the
diverging immune responses mounted by genetically
susceptible (B10.A) and resistant (A/Sn or A/J) mice to
P. brasiliensis infection. One important characteristic of
our model is the similarity with the human disease,
B10.A mice mimicking the progressive, severe forms of
the disease and A/Sn mice showing similar features of
the regressive or localized forms of the infection
(Fig. 1). As in the human disease, our experimental
model demonstrated that resistance is associated with
immune responses that favor cellular immunity and
activation of phagocytes, whereas susceptibility is
associated with impairment of cellular immune
responses and preferential activation of B cells [10-12].

After an intra-tracheal (i.t.) infection, the suscep-
tibility and resistance patterns observed following i.p.
infection were maintained, as reflected by the high
mortality rates of B10.A mice and the regressive
disease developed by the A/J strain. The susceptible
mice were not able to restrain the infection to the
lungs and, 2 months after infection, dissemination to
liver and spleen was seen, characterizing a chronic,
progressive and disseminated form of the disease; in
the resistant mice, on the other hand, no organ
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Fig. 1 Main features of the isogenic murine model of
resistance and susceptibility to Paracoccidioides brasiliensis
infection

dissemination occurred and a pulmonary-restricted
chronic disease was observed. Unexpectedly, early in
the i.t. infection (2nd and 4th weeks), A/J mice
presented higher pulmonary CFU counts than B10.A
mice suggesting that susceptible mice developed a
more efficient innate immunity than resistant animals.
The adaptative immunity of resistant mice appears to
compensate their ineffective innate immunity
(Fig. 2). Accordingly, from week 8 of infection
onward, positive DTH responses, marked control of
fungal burdens, secretion of pulmonary type 1 and
type 2 cytokines and preferential production of IgG2a
antibodies were seen, leading to a regressive pattern
of disease. On the contrary, the anergy of DTH
reactions, the preferential synthesis of IgGl and
IgG2b antibodies and the progressively increased
fungal burdens of susceptible mice resulted in severe
disseminated disease leading to decreased survival
times [14, 15].

Lung CFU

F
w
Ed

(log 10)

Bl0A
A

Mean CFU/g tissue

©

=4
o

1
12 14 16

o
~
IS
o
o«
=)

Innate immunity
Genetic control of susceptibility

Clinical studies suggested that susceptibility to P.
brasiliensis is dependent on several factors, including
genetic background, and host’s hormonal function
[4-7]. A fungal receptor for estrogen was identified
and appears to block the conversion of conidia or
mycelium to the infecting yeast form [16]. This
finding was further explored in an animal model of
infection demonstrating the enhanced resistance of
female animals [17, 18] and may explain the unusual
susceptibility of male individuals of endemic areas
[6, 8, 19].

Genetic studies performed by our group have
shown the existence of an autosomal dominant gene
(Pbr gene), which control P. brasiliensis resistance
[20] and appears to be similar to the Nramp gene, that
control resistance to Mycobacterium sp, Leishmania
sp, and Salmonella sp infection [21]. Further studies
with Nrampl congenic macrophages (B10R and
B10S expressing or not the Nramp1 protein, respec-
tively) showed that BIOR macrophages, in
comparison with B10S cells, expressed higher levels
of mannose receptors, presented higher phagocytic
ability and increased inhibitory effect on the conidia
to yeast conversion [22].

Complement system and chemokines

P. brasiliensis cells are able to activate the alternative
pathway of complement and yeast cells-adherent C3b
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Fig. 2 At the onset of infection, susceptible (B10.A) mice
show a better control of pulmonary fungal loads than resistant
(A/J) mice. A/J and B10.A mice were i.t. infected with one
million P. brasiliensis yeast cells. The graph on the left shows

the recovery of viable fungal cell from lungs (colony forming
unit counts, CFU), and the graph on the right the delayed
hypersensitivity (DTH) responses measured during 16 weeks
of infection
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molecules can contribute to fungi phagocytosis by
macrophages [23-25]. On the other hand, chemokin-
es which play a major role in regulating the migration
of specific leukocytes subsets in both the acute and
chronic inflammatory processes [26], were shown to
control mononuclear cell recruitment to the lungs of
P. brasiliensis-infected C57BL/6 mice [27]. Unpub-
lished results from our laboratory suggest that
increased and sustained expression of IP-10, RAN-
TES and the chemokine receptor CXCR3 is
associated with the resistant behavior of A/Sn mice
(C. Arruda and V. L. G. Calich, unpublished obser-
vations). This is in accordance with the sustained T
cell response mounted by resistant mice at the
acquired phase of the immune response [14, 15].

Lipid mediators (Eicosanoids) and P. brasiliensis
lipids

During an inflammatory reaction, the enzymatic
oxidation of aracdonic acid (AA) by cyclooxigenase
produces prostaglandins, thromboxanes, and prosta-
cyclins, whereas the 5-LO is an enzyme that catalyzes
the oxidation of AA for the synthesis of leukotrienes
(LT). The importance of LT as cellular activators and
chemotactic factors for neutrophils and eosinophils is
very well established, however, little is known about
the function of these lipid mediators in the host
defense against infectious agents [28, 29].

As the role of LT in pulmonary PCM was never
investigated, we asked whether they would have a
regulatory function in the severity of PCM of
resistant (A/J) and susceptible (B10.A) mice and in
the fungicidal and secretory ability of their macro-
phages. Our results showed that in vivo and in vitro
P. brasiliensis infection induces LT synthesis. Com-
pared with A/J mice, levels of pulmonary LT were
higher in B10.A animals and increases in the course
of infection. To evaluate the importance of LT in
PCM, an inhibitor of LT synthesis (MK-0591) and an
antagonist of LT receptor (montelukast) were studied
in P. brasiliensis infection. In vitro, LT inhibitors
significantly reduced the recovery of P. brasiliensis
yeasts from normal and IFN-y primed macrophages.
At 48 h of in vivo infection, montelukast treatment of
B10.A mice induced diminished fungal loads,
impaired influx of PMN leukocytes, and increased
number of monocytes in the lungs of P. brasiliensis-
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infected mice. Furthermore, in susceptible mice
montelukast treatment led to increased levels of
pulmonary IL-10 concomitant with diminished
amounts of IL-12, TNF-«, and GM-CSF. In contrast,
at the chronic phase of the disease, LT inhibition did
not alter the fungal loads of B10.A and A/J mice. In
conclusion, our results showed for the first time that
LT are important mediators of the acute inflammatory
reaction induced by P. brasiliensis infection affecting
fungal recovery, cellular influx, and cytokines syn-
thesis by susceptible mice [30, L. R. R. Ribeiro and
V. L. G. Calich, unpublished observations]. Impor-
tantly, our findings with LT inhibition appear to
demonstrate that the activation of innate immunity
can result in increased ingestion and survival of
P. brasiliensis yeasts which can evolve to a more
severe disease.

Several lines of evidence suggest that prostag-
landins production has a deleterious role for
P. brasiliensis-infected hosts. In murine PCM, at
early steps of infection, secretion of PGE, was shown
to have an immunossupressive activity by inhibiting
IL-12 production and up-regulating IL-4 and IL-10
synthesis [31]. In addition, studies with normal and
IFN-y activated human macrophages demonstrated
that prostaglandins secretion inhibited their fungi-
cidal ability which depends on the levels of hydrogen
peroxide produced [32, 33]. Interestingly, recent
studies showed that virulent and low virulence strains
of P. brasiliensis are able to synthesize prostaglan-
dins by a cyclooxigenase-dependent pathway and that
these lipid mediators are required for P. brasiliensis
survival [33].

Besides the importance of hosts lipid mediators
such as the eicosanoids in innate immunity, other
lipid components of pathogen membranes or walls
have also been shown to play a role in the host-
parasite interaction [34, 35]. Studies on the influence
of P. brasiliensis lipid fractions in the fungicidal and
secretory activities of B10.A macrophages were
developed in our laboratories. Although all P. brasil-
iensis lipid fractions are potent inducers of NO
synthesis, they can inhibit or enhance the fungicidal
ability of macrophages. The previous in vitro treat-
ment of macrophages by F1 (phospholipids + neutral
lipids) and F2 (short chain glycolipids) fractions
resulted in increased phagocytic activity of cells, and
recovery of higher numbers of viable yeasts from
infected macrophages, despite the presence of high
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NO levels. On the other hand, fractions 3a (glyco-
sylphosphatidylinositol-anchored glycoproteins) and
F3b (long chain glycolipids) caused an opposite
behavior; they inhibited the phagocytic ability of
macrophages leading to decreased recovery of viable
yeasts. As a whole, secretion of IL-10, IL-12, MCP-1,
and GM-CSF induced by P. brasiliensis infection was
inhibited by the previous pre-incubation with all lipid
fractions [36, F. V. Loures, I. Almeida and V. L. G.
Calich, unpublished data]. The different behavior
of the studied lipid fractions could be attributed to
the different physicochemical structures of these
components which would interact with macropha-
ges membranes through different PRR, and the
subsequent balance of pro- and anti-inflammatory
cytokines and chemokines secreted. Indeed, a further
characterization of these lipid fractions will permit
us to better understand the innate host response to
P. brasiliensis infection.

Toll Like and other macrophage receptors

In mammalian cells, the Toll-Like Receptors (TLR)
are transmembrane proteins, which interact with
invariant molecular structures from pathogens
(PAMP) and are involved in the activation of the
innate immune system. Several typical pathogen
components such as lipopolysaccharides, flagelin,
peptidoglycans, DNA motifs, among others, are
recognized by different TLR [37-42]. Early TLR
activation results in the production of several inflam-
matory mediators and the final balance among pro-
and anti-inflammatory components will regulate the
type of adaptative immune response [37-42]. The
TLR 4 is the key receptor that recognizes bacterial
lipopolysaccharides, whereas TLR 2 is involved in
the interaction with bacterial peptidoglycans and
lipoproteins [38, 39]. TLR have been implicated in
the resistance of mammalian hosts to several micro-
organisms [42—44] including fungal pathogens such
as Candida albicans, Aspergillus fumigatus, and
Cryptococcus neoformans [5]. Interestingly, our pre-
vious studies with P. brasiliensis infection showed
that the LPS-resistant, TLR 4 deficient, C3H/Hel
strain is more resistant to i.p. infection than the
congenic LPS-susceptible, TLR 4 normal, C3HeB/
FelJ strain [45]. Our recent in vitro studies with TLR
4 normal (C3HeB/Fel) and deficient (C3H/Hel)

macrophages have demonstrated that this receptor
interacts with P. brasiliensis cells resulting in mac-
rophage activation as shown by increased synthesis of
nitric oxide, IL-12, MCP-1, and enhanced phagocytic
activity; this activation, however, was associated with
augmented recovery of viable yeast cells from
infected macrophages. In the acute phase of pulmo-
nary infection, the presence of TLR 4 induces a more
severe disease, with increased numbers of viable
yeasts in the lungs associated with elevated synthesis
of NO and IL-12. Moreover, even in the chronic
phase, higher fungal burdens were seen in the lungs
of TLR-4-normal mice, associated with increased
levels of pulmonary IL-12 and serum antibodies (IgM
and IgG). Thus, the early macrophage activation
induced by TLR 4 usage is not able to control
P. brasiliensis infection [36, F. V. Loures and V. L.
G. Calich, unpublished observations]. As LPS unre-
sponsiveness of C3H/HeJ mice was linked to a point
mutation in the 7LR 4 gene, it is tempting to suggest
that recognition of P. brasiliensis components (LPS
like?) by TLR 4 has a not yet described contribution
to the control of PCM. We have also preliminary
in vitro and in vivo studies with TLR 2 knockout
mice in a C57Bl/6 background demonstrating a more
severe infection in TLR-normal hosts or cells.
Altogether, our findings with TLR-deficient animals
are unusual since PRR are most commonly used by
phagocytes to recognize molecular patterns of patho-
gens, and their interaction usually results in cell
activation, enhanced secretion of pro-inflammatory
cytokines and chemokines, and increased microbi-
cidal activity. In our model, the increase production
of nitric oxide and IL-12 by TLR-normal macro-
phages was not sufficient to control fungal growth
and subsequent disease severity (F. V. Loures and V.
L. G. Calich, unpublished results). These receptors
appear to be used by P. brasiliensis yeast cells to gain
access into macrophages and to escape from other
fungicidal or fungistatic mechanisms of innate
immunity.

Some reports have described the importance of
mannose receptors in P. brasiliensis ingestion by
phagocytic cells. Phagocytosis of yeasts by adherent
peritoneal macrophages of susceptible and resistant
mice was inhibited by gp-43, a P. brasiliensis
glycoprotein most recognized by patients antibodies,
as well as by Saccharomyces cerevisiae derived
o-mannan. Gp 43 was also shown to inhibit NO
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production and killing ability of cytokine-stimulated
macrophages [46]. Immature dendritic cells of resis-
tant mice appear to use mannose receptors to
internalize P. brasiliensis yeasts [47]. In addition,
comparative studies with Nrampl gene congenic
macrophages (B10R and B10S) have demonstrated
that BIOR cells were better inhibitors of conidia to
yeast conversion and expressed more mannose
receptors than B10S macrophages, whereas both cell
lines expressed similar levels of complement receptor
3 (C3R) [20]. As described below, CR3 was also
shown to play an important function in P. brasiliensis
adherence and ingestion by phagocytic cells [23, 24].

Polymorphonuclear leukocytes and NK cells

Differently from macrophages, murine PMN leuko-
cytes are able to kill P. brasiliensis yeasts through the
oxidative metabolism [48, 49]. In an air-pouch model
of infection and compared with PMN leukocytes
from susceptible mice, cells from A/J mice presented
superior fungicidal ability associated with their
enhanced oxidative burst [50]. The antifungal activity
of murine and human PMN leukocytes was shown to
be enhanced by IFN-y, GM-CSF, or IL-1f, but not by
TNF-a or IL-8 [51]. In contrast, TNF-a was shown to
better enhance P. brasiliensis killing by human
macrophages than IFN-y [52].

Comparing the early influx of inflammatory cells
to the lungs of susceptible and resistant mice, Cano
[53] demonstrated an equivalent mononuclear cell
influx, but a more prominent migration of neutrophil
and eosinophil PMN cells into the lung of suscep-
tible mice. This early PMN influx was also seen
early in the infection of BALB/c mice [54].
Furthermore, only in susceptible mice this early
(24 h after infection) PMN influx affects disease
outcome and acquired immunity further established.
Interestingly, the more severe disease of PMN-
depleted susceptible mice was associated with the
increased presence of pulmonary IL-12 and IFN-y
suggesting that the production of pro-inflammatory
mediators not always leads to immunoprotection.
Differently from primary infection, neutrophil deple-
tion did not alter immunoprotection in secondary
paracoccidioidomycosis. As a whole, our data
showed that the genetic pattern of hosts exerts an
important influence on the immunoprotective and
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immunoregulatory functions of neutrophils which
appear to be essential in situations devoid of cell-
mediated immunity [55].

The role of NK cell has not been well studied in
P. brasiliensis infection, but the few available
investigations in this area suggest that this lympho-
cyte subpopulation has a complex function in PCM
that varies according to the type of host or site where
these cells were obtained. In the peripheral blood of
PCM patients, NK cells were found in elevated
number but they displayed low cytotoxic activity
[56]. In vitro studies showed a direct inhibitory effect
of murine NK cells on P. brasiliensis growth [57] and
in a hamster model of infection, NK cells were shown
to be activated at the first weeks of infection followed
by an impairment of its activity associated with
depressed cell-mediated immunity [58].

Our findings of illness exacerbation after in vivo
depletion of IL-12 or IFN-y in euthymic and
athymic BALB/c mice [59, 60] suggested that NK
cells would have a protective role in pulmonary
PCM. In vivo depletion of NK cells by anti-Asialo
GM1 polyclonal antibody resulted in a more severe
disease of both mouse strains, but the depletion
effect was more pronounced in the NK-depleted
athymic than euthymic mice. Anti-NK cell treatment
led to increased antibody production by the former
strain but did not modify the humoral immunity of
euthymic animals, indicating that the isotype class
switch in T cell deficient mice is influenced by NK
cells cytokines. In addition, NK cells were shown to
control PMN leukocytes influx to the lungs of
infected mice. Hence, NK cells seem to have a
protective effect in pulmonary PCM and their
function appears to be more prominent in T-cell
deficient than in T-cell sufficient mice [61, R. C.
Valente-Ferreira and VLG Calich, unpublished
data].

Macrophages and nitric oxide

The crucial role of the mononuclear phagocytic
system in the resistance to P. brasiliensis infection
was demonstrated by the fact that reticuloendothelial
system blockade, induced by colloidal carbon inoc-
ulation previous to P. brasiliensis infection (i.p.
route), increased the severity of the disease in both
resistant and susceptible animals [62].
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The infection by P. brasiliensis occurs by inhala-
tion of airborne propagules of the mycelial phase of
the fungus, which reach the lungs, eventually evade
the host defenses and disseminate via the bloodstream
and/or lymphatics to virtually all parts of the body [4,
8, 10, 19]. Alveolar macrophages (AM) are believed
to be important in the initial containment of the
microorganisms through nonspecific or innate
immune mechanisms. AM or dendritic cells (DC)
also phagocytose particles and microbial organisms
and carry them via lymphatics to regional hilar lymph
nodes, where specific immune responses are believed
to be generated.

P. brasiliensis proliferates ex vivo in a variety of
mouse macrophages, including resident peritoneal
alveolar and peripheral blood derived monocytes
until the cells are lysed and killed by a yet unknown
mechanism. However, the immunological activation
of these cells efficiently inhibits fungal growth [48].
When alveolar macrophages were analyzed after
pulmonary infection, absence of hydrogen peroxide
production was observed with cells obtained from
susceptible mice, whereas macrophages from resis-
tant mice produced increased levels of this metabolite
in the course of disease [14]. These different activ-
ities parallel the DTH anergy and the evident DTH
reactivity developed by susceptible and resistant
mice, respectively.

Brummer et al. [48, 63] have demonstrated that
activation of mouse peritoneal macrophages by IFN-y
enhances the fungicidal activity of these cells but
fungal killing is independent of the respiratory burst.
Further investigations showed the fundamental role
of nitric oxide in the fungicidal ability of activated
macrophages, which appear to use an iron-restriction
mechanism to inhibit the transformation of ingested
conidia to yeast cells [64, 65]. We have confirmed the
fundamental role of NO in the murine PCM [64]. In
the course of infection, peritoneal macrophages from
resistant mice secrete low levels of NO associated
with high amounts of TNF-«; the opposite was seen
with glass adherent cells from susceptible mice.
Interestingly, in vitro inhibition of NO production by
aminoguanidine treatment of B10.A macrophages led
to increased production of TNF-o indicating the
inhibitory role of NO on cytokine secretion. More
importantly, the disease of i.p. infected C57BL/6
mice genetically deficient for inducible nitric oxide-
synthase (iNOS KO) and in resistant and susceptible

mice in vivo treated with aminoguanidine and inca-
pable of secreting NO, is more severe [66].

The dual role of NO in murine PCM was further
confirmed in the pulmonary model of infection.
Compared with wild type mice, a lower fungal load
was observed at week 2, although at week 10,
increased number of fungi was detected in the lungs
of mice genetically deficient of inducible NO-
synthase (iNOS KO). The better control of fungal
loads by iNOS KO mice at week 2 of infection
appeared to be TNF-a mediated, since its in vivo
neutralization abolished this difference [67, S. Ber-
nardino and V. L. G. Calich, unpublished results). In
agreement, Gonzales et al. [68] showed that TNF-o-
activated peritoneal macrophages, although not pro-
ducing NO, were able to inhibit the transition of P.
brasiliensis conidia to yeast cells. Interestingly, our
studies also demonstrated that iNOS KO mice,
despite the more intense fungal infection by week
10 of infection, developed better organized granulo-
mas. Thus, the increased secretion of TNF-«, the
increased influx of activated T cells to the lungs, and
the better organized lesions appear to compensate the
genetic deficiency of NO. This was further confirmed
by the equivalent survival times showed by iNOS KO
and WT mice, despite the higher fungal loads in the
former strain [67, S. Bernardino and V. L. G. Calich,
unpublished data).

Recent studies were also performed aimed to
understand the interaction between alveolar macro-
phages from resistant and susceptible mice and
P. brasiliensis. Normal alveolar macrophages of
B10.A mice, in vitro infected with P. brasiliensis
yeasts, can be activated by small doses of exoge-
nously added IFN-y, secrete high levels of IL-12,
nitric oxide and display a very efficient fungal killing
activity. In contrast, macrophages from A/J mice
were poorly activated by low doses of IFN-y, secrete
low amounts of IL-12, NO and present a poor
fungicidal ability concomitant with the production of
high levels of active TGF-f. The fungicidal ability of
B10.A macrophages was modulated by aminoguani-
dine, whereas TGF-f; was the main negative regulator
of A/J macrophages. Thus, alveolar macrophages of
susceptible mice seem to be more efficient than those
of resistant mice and interaction of P. brasiliensis
with these cells probably occurs through different
macrophage receptors [69 A. Pina and V. L. G.
Calich, unpublished observations]. These findings
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appear to explain the apparently discrepant result we
had observed when the pulmonary model of infection
was first described: at the beginning of infection
higher number of viable yeast cells were recovered
from lungs of resistant mice as compared with
susceptible ones [14]. Furthermore, IFN-y, the most
efficient macrophage activator was found in higher
levels in the lung homogenates of susceptible mice
[59]. Thus, the innate immunity appears to be much
more efficient in the susceptible strain than in the
resistant one. This hyperactivity is concomitant with
high levels of NO production that is able to restrain
fungal growth but also interferes with acquired
immune responses leading to a subsequent immuno-
suppression of T-cell mediated immunity [66, A. Pina
and V. L. G. Calich, unpublished data].

Dendritic cells and other APCs

T cells have clonal receptors (TCR) educated to see
antigen epitopes presented by major histocompatibil-
ity complex (MHC) molecules of antigen presenting
cells (APC). Several cell types can exert the APC
function such as macrophages, B cells and endothe-
lial cells, but the dendritic cells (DC) are considered
the “professional APC” due to their special ability to
activate T cells. DC are derived from hematopoietic
stem cells in the bone marrow and form a network of
a heterogeneous cell populations. Many DC reside
and traffic through nonlymphoid peripheral tissues,
continuously surveying the environment for invading
microorganisms [70]. During infection, DCs in the
periphery are activated by interaction with microor-
ganisms or inflammatory mediators to increase their
expression of MHC and co-stimulatory molecules
such as CD80, CD86, and CD40. They also modify
their expression of chemokines receptors and adhe-
sion molecules, causing migration from the periphery
to the T cell zone of draining lymph nodes. Activated
DC then display pathogen encoded antigens to naive
antigen-specific T cells which initiate primary T cell
responses [71, 72]. In the course of maturation, DC
are subject to profound changes. The endocytic
capacity is downmodulated, while there is a marked
up-regulation of MHC class II expression, from an
already high constitutive level [72].

As with other infectious pathologies, some studies
on the importance of different antigen presenting
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cells (DC, macrophages, and B cells) in the resistance
to P. brasiliensis infection were reported. It was
shown that gp43, the immunodominant antigen for
humoral immunity in PCM [73], was mainly pre-
sented by macrophages and stimulated a preferential
Thl cytokine production in resistant mice. In con-
trast, in susceptible mice gp43 was predominantly
presented by B lymphocytes and led to preferential
secretion of Th2 cytokines. In addition, no differ-
ences in T cell reactivity of resistant and susceptible
mice were detected. [74]. Another report from the
same group showed that the s.c. injection of mature
DC, macrophages and B cells primed naive suscep-
tible and resistant mice and induced T cell
proliferation. In this study, however, macrophages
and B cells from both mouse strains displayed
equivalent stimulatory activity inducing a preferential
secretion of IL-10 and IL-4; DC from resistant
animals, however, when compared with B10.A DC,
stimulated a higher production of IFN-y, equivalent
levels of IL-12 and higher expression of MHC class II
and CD80 molecules. B10.A macrophages were also
shown to secrete high levels of IL-6 while IL-12 was
secreted in similar levels by DC of both strains.
Hence, it was suggested that DC of resistant mice
preferentially drive Thl development while B cells
and macrophages from both mouse strains appeared
to induce the differentiation of a ThO or Th2
phenotype [75]. Further studies with resistant [76]
and susceptible mice derived DC [77] demonstrated
an equivalent behavior of gp-43 stimulated DC. Thus,
gp43 treatment as well as P. brasiliensis infection
down-regulated MHC class II, CD80, CD86, CD54,
and CD40 expression as well as IL-12 and TNF-«
secretion by LPS-treated DC. So, no major differ-
ences were reported in the activities of DC obtained
from resistant and susceptible mice, unless they were
previously activated by LPS. The i.v. infusion of DC
previously treated with gp-43 plus LPS, but not with
each of these components individually, increased
pulmonary CFU counts and altered granulomas
morphology of P. brasiliensis-infected mice [77].
We have also preliminary results comparing the
behavior of DC from resistant and susceptible mice.
Bone marrow derived DC were obtained and acti-
vated with LPS, P. brasiliensis yeast cells or a
soluble whole yeast cells antigen. DC from both
mouse strains exhibited MHC class II and co-
stimulatory molecules (CD80, CD86, CDllc,
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CD40) when activated by LPS or fungal yeast cells
although A/] DC presented higher CDl1lc and
CD86 expression. Compared with A/J cells, B10.A
DC secreted higher levels of IL-12, IL-10, and NO,
whereas the former are more able to produce active
TGF-f. DC of susceptible mice induced a high
proliferative activity of A/] T cells but not of
B10.A lymphocytes while A/J DC stimulated T cell
proliferation of both mouse strains. Thus, T cell
anergy was only detected when B10.A DC were
co-cultivated with homologous lymphocytes indi-
cating that B10.A DC does not lack the ability to
properly present P. brasiliensis antigens and that
B10.A lymphocytes are appropriately activated
when P. brasiliensis antigens were presented by
A/J DCs (A. Pina and V. L. G. Calich, unpublished
results).

Cytokines

As a more detailed review on the role of cytokines
in PCM was reported elsewhere [10, 13], only a
brief analysis of those studies will be presented
here. IFN-y is the most important protective cytokine
to susceptible, intermediate, and resistant mice to
P. brasiliensis infection [59, 78]. TNF-« and IL-12
are also very important protective cytokines [60, 78,
79]. IL-4 has a dual role (protective or disease
promoting) in pulmonary PCM depending on the
genetic pattern of the host [80, 81]. Despite the less
severe disease induced by administration of rIL-12
[79], the strong inflammatory reaction in the lungs
demonstrated the harmful effect of this cytokine. IL-
10 appears to be one important macrophage-deacti-
vating cytokine in pulmonary PCM, and its genetic
absence appears to result in the aseptic cure of
infected mice (Fig. 3) (T. A. Costa and V. L. G.
Calich, unpublished results). Altogether, studies with
cytokine-deficient mice showed that the Th1/Th2
paradigm can be applied to explain fungal growth (or
dissemination) in liver and spleen: IL-4 and IL-10 are
disease-promoting cytokines while IL-12 and IFN-y
are protective ones. However, the control of fungal
growth in the lungs is more complex and both, Thl
(e.g., IL-12) and Th2 cytokines (e.g., IL-4) can have
antagonistic effects. IL-10 is a disease-promoting
cytokine and appears to have a more prominent role
in the control of pulmonary PCM than IL-4.

Summarizing, our studies on innate immunity to
P. brasiliensis infection suggest that a highly efficient
innate immunity can lead to severe paracoccidioid-
omycosis. The following findings appear to support
such inference: at the onset of infection, susceptible
mice display a better control of lung fungal loads; IL-
4 protects susceptible mice from severe infection;
exogenous IL-12 leads to increased lung pathology;
TLR usage leads to increased macrophage activation
associated with increased fungal loads; susceptible
mice secrete higher levels of LT and its inhibition
results in milder pathology; PMN depletion causes
more severe PCM associated with increased secretion
of pro-inflammatory cytokines; early NO secretion
can induce more severe infection. As a whole, it
appears that “the more reactive the host innate
immunity the more severe is the initial P. brasiliensis
infection.”

The influence of innate immunity in the resistance
to P. brasiliensis infection

Protective immunity in paracoccidioidomycosis
(PCM) is believed to be mainly mediated by cellular
immunity [82]. In the human disease the Th1/Th2
dichotomy of CD4" T cells appears to partially
explain the behavior of PCM patients and healthy
infected individuals. So, the most evident Thl
immunity is observed when lymphocytes from
healthy infected subjects or cured patients are in vitro
activated by gp 43 and a clear production of IL-2 and
IFN-y is concomitant with a vigorous lymphoprolif-
erative response [83, 84]. The acute form of the
disease appears to be the Th2 pole of reactivity,
where IL-4, IL-5, and IL-10 are produced and
associated with low T cell proliferation which,
however, can be reverted by in vitro treatment with
rIL-12 and anti-IL-10 antibodies [85]. The severe
form of the chronic disease also appears to present a
Th2 pattern of reactivity. Most individuals of the
chronic form of PCM, however, do not display
polarized Th1/Th2 immune responses and their
hyporesponsiveness appears to be not linked to
imbalanced cytokine synthesis and may be due to
other immunoregulatory mechanisms such as T cell
anergy, T cell deletion by apoptosis or suppressive
activity of natural regulatory T cells [10, 86-88].
Indeed, a recent paper showed a direct correlation
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Fig. 3 Photomicrographs of pulmonary lesions developed by
wild type (WT, upper micrographs) and IL-10-deficient (IL-10
KO, lower micrographs) C57BL/6 mice at week 8 after intra-
tracheal infection with one million fungal cells. WT mice
presented extensive, fungi rich, confluent lesions, occupying

between the number of natural regulatory T cells in
the lesions and peripheral blood and the severity of
PCM [88]. In human PCM the function of CD8" T
cells, however, was poorly investigated.

We have some studies that characterized the
function of CD4* and CD8"( T cells in the immunity
developed by susceptible (B10.A), intermediate
(C57B1/6) and resistant (A/J) mice after pulmonary
infection with P. brasiliensis yeasts. In susceptible
mice, anti-CD4 treatment did not alter disease
severity and cellular immunity. However, anti-CD8
treatment led to increased fungal loads and DTH
reactivity indicating the antagonistic effects of
CD8o" cells. In resistant mice, besides a protective
type 1 immunity mediated by CD8a* T cells,
neutralization studies revealed the concomitant pres-
ence of Thl and Th2 cells. In addition, deficiency of
whole T and CD8o" T cells but not of CD4™ T or B
cells in the C57Bl/6 background led to more severe
PCM and increased mortality rates. In conclusion, our
studies demonstrated that in pulmonary PCM: (a)
fungal loads are mainly controlled by CD8a" T cells;
(b) genetic susceptibility of hosts appears to be
associated with deletion or anergy of CD4" T cells,
and finally, (c) a balanced typel/type2 immunity is
associated with genetic resistance to P. brasiliensis
infection [10].

The concomitant analysis of innate and adaptative
immunity in murine PCM lead us to propose a
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almost all lung parenchyma, whereas in IL-10 KO mice a
diffuse inflammation, with no evident fungal cells, affected
smaller areas of lungs. Left, H&E; right, Groccot stained
lesions (100x)

model on the immunopathogenesis of pulmonary
paracoccidioidomycosis. Alveolar macrophages of
susceptible mice are very reactive to P. brasiliensis
components and pro-inflammatory mediators are
secreted by cells involved in the innate immunity
of lungs. The high production of IL-12 stimulates
NK cells to secrete elevated amounts of IFN-y that
induces the secretion of high levels of nitric oxide
and other pro-inflammatory mediators by macro-
phages which develop a very efficient fungicidal
ability. Leukotrienes and the TLR expression appear
to activate macrophages and to contribute with
P. brasiliensis endocytosis. Anti-inflammatory cyto-
kines such as IL-10 and/or TGF-f are secreted in
low levels. Although not extensively studied, equiv-
alent activities were found with B10.A dendritic
cells. This behavior results in a very effective innate
immunity and precocious control of fungal growth
and would result in preferential activation of
Thl CD4" cells. The excessive and continuous
production of NO, however, inhibits the initial
development of CD4" T-cell-immunity by active
induction of T cell anergy or deletion. The elevated
expression of co-stimulatory molecules (MHC class
I, CD40, CD80, for example) by macrophages or
DC could directly activate CD8" T cells without the
help of CD4" T lymphocytes [89, 90]. This pattern
of immunity could explain the very efficient mech-
anism of innate immunity resulting, however, in
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Fig. 4 Hypothesis on the innate and acquired immunological
mechanisms leading to susceptibility to P. brasiliensis
infection. At the initial stage of infection, macrophages from
susceptible mice secrete high amounts of IL-12 and nitric oxide
(NO) resulting in efficient fungal clearance. The same
secretory pattern was seen with B10.A dendritic cells (DC).
The excessive NO secretion, however, induces anergy or
deletion of CD4* T cells. The expression of co-stimulatory
molecules such as CD40 by antigen presenting cells induces a
preferential activation of CD8* T cells that is not sufficient to
efficiently activate macrophages and to control disease
progression. (PRR, pattern recognition receptors; co-stimula-
tory molecules: CD40, B7, CTLA-4; MHC, major
histocompatibility complex; KC, chemokine chemotactic for
PMN cells; NK, natural killer cells; TGF-f, tissue growth
factor beta; Treg, natural regulatory CD4" T cells)

poor T-cell mediated immunity (Fig. 4). It would
also explain the DTH anergy, the non-organized
lesions, the high levels of antibodies, and the
progressive and severe disease developed by sus-
ceptible mice.

Alveolar macrophages and DC from resistant mice
respond to P. brasiliensis infection by secreting low
amounts of IL-12, but high levels of TGF-f and TNF-
o. This results in poor NK cell activation, IFN-y
production, NO secretion, and initial inefficient fungal
killing. This activity characterizes the low efficient
natural immunity of resistant mice. However, the
production of cytokines and NO in low levels do not
impair T-cell immunity. So, resistant animals slowly
develop P. brasiliensis specific CD4* and CD8" T
lymphocytes, which control fungal growth and orga-
nize lesion morphology (Fig. 5). This model does not
exclude the previously proposed Th1/Th2 model of P.
brasiliensis control. It tries, however, to put together
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Fig. 5 Hypothesis on the innate and acquired immunological
mechanisms leading to resistance to P. brasiliensis infection.
At the innate phase of immunity, macrophages, and dendritic
cells (DC) from resistant mice secrete low amounts of IL-12
associated with high levels of TGF-f resulting in impaired
nitric oxide (NO) secretion and inefficient fungal clearance.
This mild pattern of activation, however, results in slow
activation of Thl and Th2 CD4" T cells and typel CD8* T
lymphocytes which are able to induce efficient macrophage
activation, controlled inflammation, and regressive disease.
(PRR, pattern recognition receptors; co-stimulatory molecules:
CD40, B7, CTLA-4; MHC, major histocompatibility complex;
NK, natural killer cells; TGF-p, tissue growth factor beta; Treg,
natural regulatory CD4* T cells)

many results obtained with studies on innate and
adaptative immunity in the murine model of pulmo-
nary infection, which eventually may contribute to
enhance our knowledge on the immunopathogenesis
of human paracoccidioidomycosis.
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Innate immunity and pattern
recognition receptors

Cells of the innate immune system constantly sense the
presence of invading microorganisms using several kind of
conserved, transmembrane or intracytoplasmatic receptors
called pattern recognition receptors (PRRs). These receptors
recognize conserved molecular structures shared by groups
of microorganisms and known as pathogen-associated mo-
lecular patterns (PAMPs). Because PAMPs are produced by
pathogens but not by the host cells, their recognition by
PRRs allows for self-nonself discrimination (Janeway &
Medzhitov, 2002). The most important types of PRR are
the Toll-like receptors (TLRs), the non-TLRs such as in-
tracellular nucleotide-binding oligomerization domain
(NOD)-like proteins and the C-type lectin receptors (CLRs)
(Gordon, 2002; Brown & Gordon, 2003; Inohara & Nunez,
2003; Akira et al., 2006). The interaction between PAMPs
and PRRs leads to the activation of cells of the innate
immune system and subsequent production of mediators
that are used to eliminate the invading pathogen and to
control the adaptative immune responses. TLRs are crucial
for many aspects of microbial elimination, including re-

FEMS Immunol Med Microbiol 53 (2008) 1-7

cruitment of phagocytes to the site of infection, microbial
killing and activation of dendritic cells (DCs), which become
immunogenic and endowed with a unique ability to induce
full activation of T cells (Reis e Sousa, 2004). Interestingly,
recent findings indicate that direct recognition of PAMPs by
DCsis critical for priming appropriate T-cell responses. TLR
signaling resulted in activated DCs that primed an effective
T helper 1 (Thl) or Th2 response, whereas indirect activa-
tion by inflammatory mediators alone (proinflammatory
cytokines) induced DCs that, although supporting expan-
sion of CD4" T-cell clones, did not promote Thl or Th2
effector differentiation (Sporri & Reis e Sousa, 2005).

Thus far, 13 TLRs have been described that recognize a
wide variety of pathogen structures including triacyl lipo-
peptides (TLR1 in association with TLR2), lipoteichoic acid
and lipoproteins of Gram-positive bacteria (TLR2), double-
stranded RNA (TLR3), lipopolysaccharide of Gram-nega-
tive bacteria (TLR4), bacterial flagellin (TLR5), diacyl
lipopeptides (TLR6 in association with TLR2), single-
stranded RNA (TLR7) and nonmethylated CpG of bacterial
DNA (TLR9) (Takeda & Akira, 2005). Intracellular NOD
proteins sense the presence of intracellular muropeptides
(Inohara & Nunez, 2003). Upon ligand binding, innate
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immune receptors engage intracellular signaling pathways
that result in the activation of conserved transcription
factors for cell activation. One key transcription factor used
by TLR-mediated innate immunity is NFkB. Almost all
TLRs signal via MyD88, an adaptor protein, for NFkB
activation, subsequent inflammatory cytokine production
and control of adaptative immunity (Takeda & Akira, 2005;
Akira et al., 2006). Besides their well-described role in the
immunorecognition of conserved pathogen motifs, TLRs
can be used to enhance microbial pathogenicity. Thus,
Yersinia pestis was shown to evade the host’s immune system
by TLR2 activation and subsequent production of IL-10,
one important macrophage deactivating cytokine (Sing
et al., 2002). Furthermore, studies with whole pathogens or
purified components have shown distinct patterns of TLR
usage: TLR2 and TLR4 control in vivo Brucella abortus
infection whereas only TLR4 is activated by the purified
bacterial lipopolysaccharide (Campos et al., 2004).
TLR-activated DCs can induce the differentiation of
distinct T-cell-mediated effector mechanisms. Lipopolysac-
charide-stimulated DCs produce low levels of IL-10 but high
levels of IL-12 and tumor necrosis factor-o. (TNF-a), favoring
Thl immunity. In contrast, peptidoglycan-activated DCs
secrete low levels of IL-12 associated with prevalent produc-
tion of IL-10, resulting in prevalent Th2 immunity (Qi et al.,
2003). Interestingly, the recognition of microbial products by
TLRs was found to block the suppressive effect of T regulatory
(Treg) cells on pathogen-specific adaptative immune re-
sponse and this effect was partially due to the synthesis of
IL-6 by TLR-stimulated DCs (Pasare & Medzhitov, 2003).
Dendritic cell-specific intercelullar adhesion molecule-3-
grabbing nonintegrin (DC-SIGN), mannose receptor (MR)
and dectin-1 are C-type lectins that recognize glycoproteins
and carbohydrates in pathogen cells. This interaction con-
trols phagocytosis, microbicidal activity and signaling pro-
cesses that direct cell adhesion and migration. As fungal cell
walls are carbohydrate-rich structures, these PRRs are
directly involved in the host’s innate immunity to these
pathogens. DC-SIGN as well as MRs are primarily activated
by IL-4 and associated with the Th2 pattern of the immune
response (Brown & Gordon, 2003; Cambi et al., 2005;
Koppel et al., 2005). Dectin-1 activation by Candida albicans
or curdlan, a dectin-1-specific B-glucan, was recently shown
to induce the preferential secretion of tumor growth factor
(TGF)-B and IL-6 and the subsequent activation of Th17
lymphocytes. This T-cell subset secretes IL-17, induces
chemokine secretion at sites of infection, causes recruitment
of neutrophils and is important in defense against extra-
cellular pathogens, including Candida albicans (Leibund-
gut-Landmann et al., 2007; Palm & Medzhitov, 2007).
Upon ligand binding, innate immunoreceptors engage
intracellular signaling pathways that converge to the activa-
tion of conserved transcription factors and subsequent cell
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activation. Almost all TLRs signal via MyD88 for NFkB
activation, resulting in Thl immunity associated with the
prevalent IL-12 secretion. TLR2 activation, however, induces
high levels of IL-10, and expansion of regulatory T cells
(Treg) which further control T effector lymphocytes (Gor-
don, 2002; Akira et al, 2006; Sutmuller et al, 2006).
Interestingly, recent work has shown that the preferential
activation of dectin-1 by the selective agonist curdlan, and
possibly dectin-2 by Candida albicans hyphae, is mediated by
the caspase recruitment domain (CARDY) adaptor protein,
resulting in increased IL-23 secretion and preferential induc-
tion of Th17 cells (Gross et al., 2006; Leibundgut-Landmann
et al., 2007; Palm & Medzhitov, 2007). The fungal morpho-
type is also recognized by different PRRs and this fact was
suggested to be exploited as an escape mechanism by fungal
cells. For instance, Candida hyphae are recognized only by
TLR2, inducing prevalent secretion of anti-inflammatory
cytokines, whereas Candida blastoconidia interact with
TLR4, Dectin-1 and TLR2, resulting in a complex pattern of
cell activation (Romani, 2004; Netea et al., 2006).

In summary, PRR activation orchestrates the develop-
ment of innate and adaptative immune responses, which are
necessary for protection against infection, reinfection or
containment of chronic infections. However, if activation of
innate immune receptors is excessive, high levels of proin-
flammatory mediators [IFN-y, TNF-a, nitric oxide (NO)]
are secreted and can exert a deleterious effect to the host.
Septic shock induced by lipopolysaccharide and TLR4
activation by Gram-negative bacteria is a good example of
inadequate activation of immunity, which results in severe
host pathology.

Recognition of fungi by TLR

Netea et al. (2002) were the first to describe the use of TLRs
by a fungal pathogen, Candida albicans. C3H/He] mice,
which express a defective TLR4 gene, present an increased
susceptibility to disseminated candidiasis and impaired
recruitment of neutrophils to the site of infection when
compared with normal, C3H/HeN mice. In addition, the
chemokines keratinocyte-derived chemokine (KC) and
macrophage inflammatory protein (MIP-2) were shown to
be released in lower amounts by TLR4-defective macro-
phages. Following this pioneer work, other groups reported
their studies on the role of TLRs and the MyD88 adaptor
protein in Candida albicans infections. The main biological
effects observed in diverse experimental approaches are
summarized in Table 1. As can be seen, some discrepant
findings were obtained with TLR2- and TLR4-deficient
hosts (Netea et al., 2002, 2004; Villamén et al., 2004b;
Murciano et al., 2006), although MyD88 deficiency appears
consistently to lead to impaired protection or phagocyte—
fungus interaction. This adaptor protein was shown to be
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Table 1. The role of TLRs and MyD88 adaptor protein in some experimental models of Candida albicans infection

PRR deficiency Biological effect

Reference

TLR4 High susceptibility; normal PMN and macrophage killing activity; normal TNF-a., low KC, MIP-2

and impaired PMN influx

Netea et al. (2002)

TLR4 No increased susceptibility to disseminated infection. TLR4-deficient mice mount Th1 immunity Murciano et al. (2006)
TLR2 High resistance; TLR2 induces IL-10, Treg cells and suppressed immunity Netea et al. (2004)
TLR2 High susceptibility; low TNF-o;, MIP-2; decreased PMN influx; no effect phagocytosis and NO Villamén et al. (2004a)
production
MyD88 Hyphae: impaired phagocytosis, killing and cytokine secretion Marr et al. (2003)
MyD88 High susceptibility, impaired production of cytokine, low type-1 CD4™ and CD8™ T cells Villamén et al. (2004b)
MyD88, TLR4, MyD88: high susceptibility. TLR signaling: depends on morphotypes, route of infection. Bellocchio et al. (2004a)
TLR2, TLR9 Th1 response: DC-MyD-dependent

Table 2. The role of TLRs and MyD88 adaptor protein in some experimental models of Cryptococcus neoformans infection

PRR deficiency Biological effect

Reference

TLR2, TLR4, CD14
TLR-2, TLR4, MyD88, CD14
TLR-2, TLR4, MyD88

TLR2 and TLR4 Not important to protection

Glucoronoxylomannan stimulates cells via CD14 and TLR4; no TNF-a synthesis
MyD88 has a major role in protection; CD14 and TLR2, minor roles; TLR4, no effect
MyD88 and TLR2 have a major role in protection; TLR4 not important

Shoham et al. (2001)
Yauch et al. (2004)
Biondo et al. (2005)
Nakamura et al. (2006)

involved in the induction of protective immune responses
by DCs (Bellocchio et al., 2004a), as well as in the phagocy-
tosis, killing and synthesis of cytokines by Candida-infected
cells (Marr et al., 2003; Villamon et al., 2004a).

TLR2 usage was shown to have protective or detrimental
effects in models of Candida albicans infection; the conflict-
ing results, however, could be attributed to the use of
different experimental protocols (Netea et al, 2004;
Villamon et al., 2004a, b), but brought important contribu-
tions to the understanding of immunopathology of infec-
tious processes. The deleterious effect of TLR2 signaling
during infection was associated with increased synthesis of
IL-10 and an enhanced survival of CD4*CD25% Treg cells,
resulting in deficient T-cell immunity and impaired fungal
clearance (Netea et al., 2004).

As observed with Candida albicans, the role of TLR in
Cryptococcus neoformans infection needs to be further
explored (Table 2). Glucuronoxylomannan, the major com-
ponent of the polysaccharide capsule of Cryptococcus neofor-
mans, is shed from the fungus and circulates in blood and
cerebrospinal fluid of infected hosts. This polysaccharide
was reported to activate cells transfected with CD14 and
TLR4 but this interaction results in incomplete activation
of cells, and no secretion of TNF-o. (Shoham et al., 2001).
In vivo, MyD88 and TLR2 but not TLR4 were shown to be
required to induce protection against Cryptococcus neofor-
mans infection (Yauch et al., 2004; Biondo et al., 2005). A
more recent report, however, suggests that TLR2 and TLR4
do not or only marginally contribute to the host response to
this pathogen (Nakamura et al., 2006).

TLR2-, TLR4- and MyD88-dependent activation of host
cells were shown to play a role in cytokine secretion,
polymorphonuclear neutrophil (PMN) activation and
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susceptibility to infection by another opportunistic fungal
pathogen, Aspergillus fumigatus (Wang et al., 2001; Marr
et al., 2003; Meier et al., 2003; Netea et al., 2003; Bellocchio
et al., 2004a, b; Braedel et al., 2004; Dubordeau et al., 2006).
As described for Candida albicans, the germination from
conidia to hyphae was proposed as an escape mechanism of
A. fumigatus as conidia cells are recognized by TLR4 and
TLR2, resulting in the production of proinflammatory cyto-
kines, while hyphae stimulate production of IL-10 using a
TLR2-dependent mechanism (Netea et al., 2003). Although
some experimental approaches have revealed the important
role of MyD88 adaptor protein in cell signaling and protective
responses (Mambula et al., 2002; Bellocchio et al., 2004a),
other reports claimed that MyD88 signaling and activation of
NFkB are not important for fungal clearance (Marr et al.,
2003; Dubordeau et al., 2006) (Table 3).

As a whole, several reports have illustrated the use of
different TLRs by a single fungal species, resulting in diverse
biological activities. Studies with purified components of
fungal cell walls revealed the major PRR and signaling
pathways used by host cells to recognize fungal PAMPs;
however, this picture is less clear when whole pathogens are
used to infect normal or PRR-deficient hosts. The final
activation, although influenced by the missing receptor, is
mediated by the remaining PRRs, which can compensate or
not the deficient receptor.

PRR and Paracoccidioides brasiliensis
infection

Paracoccidioides brasiliensis, the causative agent of human
paracoccidioidomycosis, is primarily a respiratory pathogen,
infecting the host through inhalation of airborne spores.
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Table 3. The role of TLRs and MyD88 adaptor protein in some experimental models of Aspergillus fumigatus infection

PRR deficiency Biological effect

Reference

TLR4, CD14, TLR2

TLR4, TLR2
impaired PMN influx

TLR4, TLR2

TLR4 but not TLR2 recognizes hyphae
TLR4 and TLR2 recognize conidia and hyphae, and induce TNF-o and MIP-2;

Fungal antigens recognized by TLR4 and TLR2; enhanced phagocytosis and

Wang et al. (2001)
Meier et al. (2003)

Braedel et al. (2004)

cytokine synthesis; activation and maturation of DCs

TLR4, TLR2, TLR3, etc
functions

TLR4, TLR2
only TLR2 to produce IL-10

MyD88, TLR2, TLR4

MyD88, TLR2, TLR4

MyD88

MyD88 TLR4, TLR2, TLR9

Individual TLRs activate human PMNs for specialized antifungal effector
Conidia use TLR4 and TLR2 to induce proinflammatory cytokines; hyphae use

MyD88 and TLR2 required for optimal signaling responses of cells

TLR2, TLR4 and MyD88 signaling dispensable for fungal clearance

Normal phagocytosis and killing of conidia; normal cytokine secretion
MyD88: high susceptibility. TLR signaling: depends on morphotypes, route of

Bellocchio et al. (2004b)

Netea et al. (2003)

Mambula et al. (2002)
Dubordeau et al. (2006)
Marr et al. (2003)
Bellocchio et al. (2004a)

infection. Th1 response: DC-MyD-dependent

The great majority of infected subjects develop an asympto-
matic pulmonary infection, although some individuals
present clinical manifestations, which give rise to the
localized (benign) or disseminated (severe) forms of the
disease. Clinical and experimental evidence indicates that
cell-mediated immunity plays a significant role in host
defense against P. brasiliensis infection, whereas high levels
of specific antibodies are associated with the most severe
forms of the disease (Borges-Walmsley et al., 2002; Calich
et al., 2008). Our laboratory developed a murine pulmonary
model of infection in which A/Sn mice developed a chronic
benign, pulmonary-restricted  paracoccidioidomycosis
whereas B10.A mice developed a progressive disseminated
disease. The main immunological characteristics of this
model are described elsewhere (Calich & Blotta, 2005).

Although the importance of innate immunity in
resistance to fungal infection is well recognized (Roeder
et al., 2004; Romani, 2004), the molecular mechanisms
underlying recognition of P. brasiliensis by innate immune
cells are not well known (Calich & Blotta, 2005; Calich
et al., 2008). C3b receptors (CR3, CD11b/CD18) are mem-
brane integrins that recognize iC3b of the complement
system, several B-glucans and other cell-wall components
expressing high mannose content (Brown & Gordon,
2003). We were the first to demonstrate that P. brasiliensis
interaction with peritoneal macrophages was enhanced
by iC3b opsonization of yeast cells (Calich et al., 1979).
Studying murine macrophages, Jimenez et al. (2006) verified
that CR3 and MR were involved in the phagocytosis
of P. brasiliensis spores (conidia). In addition, gp43, the
immunodominant antigen of P. brasiliensis, was shown to
bind to MR and to inhibit the phagocytic and fungicidal
ability of peritoneal macrophages from resistant and suscep-
tible mice (Popi et al., 2002). This finding led the authors to
postulate the expression or secretion of gp43 as an escape
mechanism of fungal cells.

© 2008 Federation of European Microbiological Societies
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TLR4 and P, brasiliensis infection

Comparative studies of in vivo susceptibility of different
mouse strains to P. brasiliensis intraperitoneal infection led
us to verify that TLR4-deficient (C3H/HeJ) mice were more
resistant than TLR4 normal (C3H/HePas) animals (Calich
et al., 1985). Recent findings from our laboratory (EV.
Loures, unpublished data) demonstrated that, compared
with the normal strain, macrophages from TLR4-deficient
mice had a lower phagocytic ability, which appears to
influence the decreased number of viable P. brasiliensis yeasts
recovered after cocultivation for a 72h period. Deficient
macrophages secrete lower levels of NO, IL-12 and mono-
cyte chemoattractant protein-1 (MCP-1) but produced
equivalent amounts of TNF-o. In contrast, IL-10 was
synthesized in higher amounts by TLR4-deficient macro-
phages. Consistent with in vitro results, 96h after
in vivo pulmonary infection, TLR4-deficient mice presented
decreased fungal loads in the lungs associated with lower
levels of NO and proinflammatory cytokines [IL-12, and
granulocyte macrophage colony-stimulating factor (GM-
CSF)]. Similar results were observed at week 11 after
infection of TLR4-mutant mice: decreased CFU counts
associated with low IL-12 levels but high IFN-y secretion.
Paralleling its mild infection, the deficient strain secreted
low levels of 1gGl1, IgG2b and IgM P. brasiliensis-specific
isotypes (EV. Loures, unpublished data).

Cytospin preparations of lung-infiltrating leukocytes at
week 2 of infection showed an increased number of PMN
neutrophils associated with decreased numbers of lympho-
cytes and monocytes. Diminished expression of CD25",
CD86" and CD86IA*" cells were also observed by fluor-
escence-activated cell sorter (FACS) analysis of lung
lymphocytes. In addition, by week 2 of infection no differ-
ences in the lymphoproliferative activity of TLR4-normal
and TLR4-deficient spleen cells were detected. Although
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differences in CFU counts and synthesis of some inflamma-
tory mediators occur in TLR4-deficient mice, such differ-
ences were not sufficient to alter their mean survival times
(Loures; EV. Loures & V.L.G. Calich, unpublished data).

TLR2 and P, brasiliensis infection

We have also comparatively analyzed P. brasiliensis infection
of TLR2-normal (WT) and TLR2-gene knockout (KO) mice
in a C57BL/6 background (EV. Loures & V.L.G. Calich,
unpublished data). In vitro infection of KO macrophages
resulted in lower phagocytic indexes, decreased recovery of
viable yeasts after 72 h of cocultivation and low levels of NO
and MCP-1 in culture supernatants. Compared with WT
mice, 48 h after infection KO mice presented diminished
pulmonary fungal loads and NO, but these findings were not
associated with differences in the levels of pro- and anti-
inflammatory cytokines. Analysis of bronchoalveolar lavage
fluids obtained 72 h after i.t. infection showed an increased
influx of neutrophils to the airspaces of TLR2 KO mice in
comparison with WT animals. Cytospin preparations of
lung-infiltrating leukocytes at weeks 2 and 4 of infection
showed a decreased proportion of macrophages but an
increased number of PMN neutrophils and lymphocytes. In
addition, a decreased number of IA** macrophages and
CD4" CD25" T cells was detected in TLR2 KO mice.
Further studies are needed, however, to characterize this
T-cell subset more completely, which can exert effector or
regulatory functions. Indeed, in a previous report Netea
et al. (2004) showed that TLR2 KO mice are less susceptible
to Candida albicans infection due to the decreased presence
of regulatory T cells and a more efficient fungal-specific
immunity. At week 11 of infection TLR2-deficient and
normal mice presented similar humoral immunity but the
former strain presented increased fungal burden in the
lungs. Despite this difference, both mouse strains exhibited
equivalent mortality rates.

MyD88 adaptor molecule and
P, brasiliensis infection

When macrophages were in vitro infected with P. brasiliensis
yeasts for 72h, an increased number of viable fungi was
recovered from MyD88 KO macrophages in comparison
with normal cells. This diminished fungicidal ability paral-
leled a decreased synthesis of NO and IL-12. The early in
vivo infection reproduced the in vitro findings: higher fungal
loads were found in MyD88 KO mice associated with lower
levels of pulmonary NO and IL-12. This appears to indicate
that absence of MyD88 molecule causes profound effects in
cell activation, resulting in more severe infection. Mortality
studies confirmed the higher susceptibility of MyD88 KO
mice to P. brasiliensis infection, as their mean survival time
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was significantly lower than that of WT controls (EV. Loures
& V.L.G. Calich, unpublished data).

Concluding remarks

An increasing number of reports document the primary
importance of innate immunity not only by providing the
first line of defense against invading pathogens but also by
controlling essential mechanisms that induce and regulate
adaptative immunity. Our results on the role of TLRs in
paracoccidioidomycosis suggest P. brasiliensis yeasts use
TLR2 and TLR4 to gain entry into macrophages and infect
mammalian hosts. Indeed, P. brasiliensis yeasts appear to be
recognized by TLR2 and TLR4, resulting in increased
phagocytic ability, NO secretion and fungal infection of
macrophages. These data appear to be paradoxical, but the
killing activity usually associated with NO secretion was not
able to reduce the fungal growth provided by the presence
of TLRs. Thus, interaction with TLRs could be considered a
pathogenicity mechanism of P. brasiliensis, which would use
host receptors of innate immunity (TLR2 and TLR4) to
infect cells and to guarantee its own multiplication.

The in vivo infection of TLR-deficient mice resulted in
decreased fungal burdens, again suggesting that TLRs are
used by P. brasiliensis yeasts to infect hosts. The opposite
result, however, was seen with MyD88-deficient macro-
phages and mice as more severe infections were observed
probably due to the intact fungal recognition mediated by
the expression of normal PRR but impaired ability of cell
activation resulting in diminished fungicidal ability.

As a whole, TLR deficiency caused less severe infections
associated with altered secretion of NO, cytokines and
chemokines, resulting in altered cellular influx to the site of
infection. In both PRR-deficient strains, the lung inflamma-
tory infiltrate was composed of a diminished number of
macrophages associated with an increased presence of PMN
neutrophils. The phagocytic and killing abilities of the latter
cells perhaps contribute to the decreased fungal inoculum
at the site of infection. Furthermore, the low level of MCP-1
was parallel to the decreased number of lung-infiltrating
monocytes.

An interesting observation was the decreased number of
CD47CD25% T cells in the lungs of TLR2 KO mice,
although an equivalent situation was not observed in
TLR4-deficient animals.

Mortality studies have shown that TLR deficiency was not
able to change the late course of infection as no differences
were observed between TLR-deficient and TLR-normal
mice. Compensatory mechanisms appear to abolish the
immunological differences caused by PRR deficiencies. The
same was not true for MyD88 deficiency, which causes
higher mortality of infected mice.
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In summary, our studies suggest that MyD88 deficiency
is more important than TLR2 or TLR4 deficiency and
P. brasiliensis yeasts appear to use TLRs as a virulence
mechanism, which facilitates the access of fungal cells into
murine macrophages. Despite their TLR-mediated activa-
tion, macrophages are not able to control fungal growth,
both in vitro and in vivo. However, the final balance between
fungal growth and activation of the immune system appears
to control disease outcome as the low fungal loads and
impaired immunity of TLR-deficient mice and the high
fungal burdens and enhanced immunity of normal-TLR
mice result in equivalent survival times. Furthermore, our
studies have also suggested that, besides TLR, other PRRs
play a role in the host immune response against by
P. brasiliensis infection.

In conclusion, studies aimed to characterize the role of
TLRs in fungal infections are firmly demonstrating their
important participation in the effector and regulatory
mechanisms of innate and adaptative immunity against
these pathogens. TLR2, TLR4 and the adaptor molecule
MyD88 appear to control the phagocytic rates, cell migra-
tion and activation, cytokine and chemokine secretion as
well as the expression of costimulatory molecules that affect
dendritic cell activation and their competence as antigen-
presenting cell (APC) to naive T cells. The interaction
between TLR and other PRRs, in a synergistic or antagonis-
tic way with fungal agonists, can result in different effector
(Thl, Th2 and Thl7) and regulatory responses (Treg),
which ultimately determine disease outcome. Despite the
important information in the current literature, additional
investigation is needed to characterize further the influence
of TLRs in the immunopathology of fungal infections.
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TLR2 Is a Negative Regulator of Th17 Cells and Tissue
Pathology in a Pulmonary Model of Fungal Infection’

Flavio V. Loures, Adriana Pina, Maira Felonato, and Vera L. G. Calich?

To study the role of TLR2 in a experimental model of chronic pulmonary infection, TLR2-deficient and wild-type mice were
intratracheally infected with Paracoccidioides brasiliensis, a primary fungal pathogen. Compared with control, TLR2™'~ mice
developed a less severe pulmonary infection and decreased NO synthesis. Equivalent results were detected with in vitro-infected
macrophages. Unexpectedly, despite the differences in fungal loads both mouse strains showed equivalent survival times and severe
pulmonary inflammatory reactions. Studies on lung-infiltrating leukocytes of TLR2™’~ mice demonstrated an increased presence
of polymorphonuclear neutrophils that control fungal loads but were associated with diminished numbers of activated CD4™ and
CDS8* T lymphocytes. TLR2 deficiency leads to minor differences in the levels of pulmonary type 1 and type 2 cytokines, but results
in increased production of KC, a CXC chemokine involved in neutrophils chemotaxis, as well as TGF-g, IL-6, IL-23, and IL-17
skewing T cell immunity to a Th17 pattern. In addition, the preferential Th17 immunity of TLR2™/~ mice was associated with
impaired expansion of regulatory CD4*CD25*FoxP3* T cells. This is the first study to show that TLR2 activation controls innate
and adaptive immunity to P. brasiliensis infection. TLR2 deficiency results in increased Th17 immunity associated with diminished

expansion of regulatory T cells and increased lung pathology due to unrestrained inflammatory reactions. The Journal of

Immunology, 2009, 183: 1279-1290.

r I \ he initial interaction between immune cells and microor-
ganisms is mediated by several types of receptors that
recognize molecular patterns of pathogens and are collec-

tively called pathogen recognition receptors. The TLRs constitute

a molecular family that recognizes a wide range of microbes and

their products known as pathogen-associated molecular patterns.

TLRs are expressed in diverse innate immune cells such as poly-

morphonuclear neutrophils (PMN),? macrophages, dendritic cells,

and lymphocytes. Their activation triggers a signaling cascade that
results in an inflammatory response through production of proin-
flammatory cytokines and up-regulation of costimulatory mole-
cules expression leading to initiation of antigenic-specific adaptive

immune response (1-3).

Importantly, the TLR expression was also shown to induce anti-
inflammatory mediators and to discriminate the functional states of
distinct T cell subsets (4, 5). Naive CD4™ T cells do not express
significant levels of TLR2 and TLR4 mRNA and intracellular pro-
teins, although activated and memory T cells express high levels of
membrane-bound TLR2 and TLR4 (5). Besides its influence in the
activation of innate immunity cells, recent evidences suggest that
TLR2 signaling may regulate the expansion and function of
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CD4"CD25" regulatory T cells (Tregs) (5). Indeed, the adminis-
tration of TLR2 ligands to wild-type (WT) mice results in in-
creased number CD4"CD25% Tregs and TLR2™/~ mice were
shown to contain significantly fewer CD4"CD25™" Tregs than con-
trol mice (5-8).

As described for other microorganisms, TLRs were shown to be
involved in host defense against different fungal pathogens. In vivo
and in vitro studies demonstrated that Cryptococcus neoformans
(9, 10), Candida albicans (11, 12), and Aspergillus fumigatus (13,
14) may signal through members of the TLR family, mainly TLR2
and TLR4. The contribution of individual TLRs to the immune
response against pathogenic fungi depends on several factors such
as the route of infection, the fungal morphotype, or the fungal
species. Activation signals mediated by innate immunity receptors,
however, are not always beneficial to the host and TLR activation
can be used by pathogenic fungi to promote more severe infections
(15-17).

Paracoccidioidomycosis (PCM) is a systemic granulomatous
disease caused by the dimorphic fungus Paracoccidioides brasil-
iensis and constitutes the most prevalent deep mycosis in Latin
America (18). Individuals from endemic areas who have inhaled
mycelial fragments or fungal spores usually develop PCM infec-
tion which is characterized by positive delayed-type hypersensitive
reactions but absence of specific Abs. The acute or severe form of
the disease is associated with deficient cell immunity, high levels
of Abs, and preferential secretion of type 2 cytokines, whereas the
benign localized forms demonstrate preserved cell-mediated im-
munity, prevalent production of type 1 cytokines, and low levels of
Abs (19, 20).

Our studies on the genetic susceptibility of hosts to P. brasil-
iensis infection characterized B10.A as a susceptible mouse strain
due to its progressive and disseminated disease associated with
impaired macrophage activation and the presence of high fungal
loads in nonorganized lesions. On the other hand, A/J mice showed
a regressive pattern of disease with well-organized lesions con-
taining low numbers of yeast cells, positive cellular immunity, and
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macrophage activation. These features are similar to the severe and
benign forms of human PCM (20, 21).

The alveolar macrophages are the first host cells that interact
with P. brasiliensis cells and their activation is fundamental to
control pathogen growth. The molecular mechanisms controlling
the initial steps of P. brasiliensis and phagocytes interaction are
not well understood. It is known, however, that normal macro-
phages are permissive to P. brasiliensis growth while cytokine-
activated macrophages are able to restrain P. brasiliensis multipli-
cation (22). It was previously demonstrated that C3b, mannose
receptor, and gp43, the immunodominant Ag of P. brasiliensis,
play an important role in the initial interaction between P. brasil-
iensis cells and mouse peritoneal macrophages (23-25). Interest-
ingly, a recent work of our laboratory demonstrated that alveolar
macrophages from susceptible mice are easily activated by IL-12
and IFN-vy and display an efficient fungal killing associated with
increased secretion of NO and proinflammatory cytokines. In con-
trast, pulmonary macrophages from resistant mice are poorly ac-
tivated by both cytokines, present inefficient killing activity and
NO secretion, and this behavior was associated with the increased
activity of endogenous TGF-£ (26). Despite their inefficient innate
immunity, A/Sn mice develop a balanced Th1/Th2 immunity
which controls fungal growth without intense tissue pathology.

Since the contribution of TLR in P. brasiliensis infection was
never studied before, we decided to investigate the role of TLR2 in
murine PCM using in vitro and in vivo models of infection. Using
TLR2-normal and TLR2-deficient C57BL/6 mice, we were able to
demonstrate that, both in vitro and in vivo, the presence of TLR2
causes a more severe infection. Both approaches demonstrated that
TLR?2 are used by P. brasiliensis yeast to infect host cells inducing
enhanced secretion of NO and cytokines. Unexpectedly, TLR2-
deficient and WT mice presented similar survival times and equiv-
alent severe lesions in the lungs. The lower fungal loads of TLR2-
deficient mice were, however, associated with prevalent activation
of Th17 immunity and exacerbated pulmonary inflammation con-
taining high numbers of PMN leukocytes but diminished presence
of Tregs. Altogether, our data indicate that expression of TLR2 has
a beneficial effect on fungal pulmonary infection due to its nega-
tive control on Th17 immunity and tissue pathology. Furthermore,
the present findings demonstrate that uncontrolled inflammatory
response of hosts to P. brasiliensis infection is as deleterious as
uncontrolled fungal growth by absence or inadequate activation of
immunity.

Materials and Methods

Fungus

P. brasiliensis Pb18, a highly virulent isolate, was used throughout this
investigation (27). Pb18 yeast cells were maintained by weekly subculti-
vation in semisolid culture medium. Washed yeast cells were adjusted to
20 X 10° cells/ml (in vivo infection) and 4 X 10* cells/ml (in vitro infec-
tion) based on hemocytometer counts. Viability was determined with Janus
Green B vital dye (Merck) and was always higher than 85%.

Mice and intratracheal infection

TLR2 ™/~ mice on a C57BL/6 background were provided by S. Akira
(Osaka University, Osaka, Japan). C57BL/6 control (WT) mice were ob-
tained from our Isogenic Breeding Unit (Departmento de Imunologia, In-
stituto de Ciéncias Biomédicas, Universidade de Sdo Paulo) and used at
8-12 wk of age. Mice were anesthetized and submitted to intratracheal
(i.t.) P. brasiliensis infection as previously described (28). Briefly, after i.p.
anesthesia, the animals were i.t. infected with 10° P. brasiliensis yeast cells
contained in 50 ul of PBS. Mice were studied at 48 h, 2 wk, and 11 wk
postinfection. The experiments were approved by the ethics committee on
animal experiments of our institution.

TLR2 INHIBITS Th17 IMMUNITY IN FUNGAL INFECTION

Phagocytic and fungicidal assays

Thioglycolate-induced peritoneal macrophages were isolated by adherence
(2 h at 37°C in 5% CO,) to plastic-bottom tissue culture plates (1 X 10°
cells/well in 24-well plates for fungicidal assays) or plated onto 13-mm
round glass coverslips (1 X 10° cells/well in 24-well plates) for phagocy-
tosis. Macrophages were washed to remove nonadherent cells and culti-
vated overnight with fresh complete medium (DMEM (Sigma-Aldrich)
containing 10% FCS, 100 U/ml penicillin, and 100 wg/ml streptomycin) in
the presence or absence of recombinant IFN-y (20 ng/ml in culture me-
dium; BD Pharmingen). Equivalent procedures were performed with alve-
olar macrophages obtained from P. brasiliensis-infected mice at week 2 of
infection by bronchoalveolar lavage with 1.5 ml of warm PBS (26). For
phagocytic assays, macrophage cultures were infected with P. brasiliensis
yeast in a macrophage:yeast ratio of 50:1. The cells were cocultivated for
4 h at 37°C in 5% CO, to allow fungi adhesion and ingestion. Cells were
washed twice with PBS to remove any noningested or nonadhered yeast
cells and samples were processed for microscopy. Cells were fixed with
methanol and stained with Giemsa (Sigma-Aldrich). Experimental condi-
tions were performed in triplicate, and the number of phagocytosed or
adhered yeast cells per 1000 macrophages was evaluated on at least five
separate slides. For fungicidal assays, IFN-y-primed and unprimed mac-
rophage cultures were infected with P. brasiliensis yeast as above de-
scribed. After 48 h of culture at 37°C in a CO, incubator, plates were
centrifuged (400 X g, 10 min, 4°C), supernatants were stored at —70°C,
and further analyzed for the presence of nitrite and cytokines. The wells
were washed with distilled water to lyse macrophages and suspensions
were collected in individual tubes. One hundred microliters of cell homog-
enates were assayed for the presence of viable yeast cells. All assays were
done with five wells per condition in more than three independent
experiments.

CFU assays, mortality rates, and histologic analysis to
determine severity of infections

The numbers of viable microorganisms in cell cultures and infected organs
(lungs, liver, and spleen) from experimental and control mice were deter-
mined by counting the number of CFU. Animals from each group were
sacrificed and the enumeration of viable organisms was done as previously
described (29). The numbers (log,,) of viable P. brasiliensis per g of tissue
(in vivo) or per ml of cell homogenates (in vitro) are expressed as the
means * SEs. Mortality studies were done with groups of 9-11 mice
inoculated i.t. with 1 X 10° yeast cells or PBS. Deaths were registered daily
for a 250-day period and experiments were repeated twice. For histology
examinations, the left lung of infected mice was removed, fixed in 10%
formalin, and embedded in paraffin. Five-micrometer sections were stained
by H&E for an analysis of the lesions and silver stained (Grocott stain) for
fungal evaluation. Pathologic changes were analyzed based on the size,
morphology, and cell composition of granulomatous lesions, presence of
fungi, and intensity of the inflammatory infiltrates.

Measurement of cytokines and NO

Supernatants from lung homogenates or cell cultures were separated and
stored at —70°C. Cytokine (IL-2, IL-4, IL-5, IL-23, IL-17, IL-12, IL-10,
IL-6, TNF-«, and IFN-vy) and chemokine (MCP-1 and KC) levels were
measured by capture ELISA with Ab pairs purchased from BD Pharmin-
gen. Active and acid-activatable latent TGF-f forms were also measured
(kits from R&D Systems) in our biological fluids. The ELISA procedure
was performed according to the manufacturer’s protocol and absorbances
were measured with a Versa Max Microplate Reader (Molecular Devices).
NO production was quantified by the accumulation of nitrite in the super-
natants from in vitro and in vivo protocols by a standard Griess reaction.
All determinations were performed in duplicate and expressed as uM NO.

Assessment of leukocyte subpopulations in lung inflammatory
exudates

After 2 and 11 wk of infection, lungs from each mouse were digested
enzymatically for 30 min with collagenase (1 mg/ml) and DNase (30 ug/
ml) in culture medium (Sigma-Aldrich). Lung cell suspensions were cen-
trifuged in the presence of 20% Percoll (Sigma-Aldrich) to separate leu-
kocytes from cell debris. Total lung leukocyte numbers were assessed in
the presence of trypan blue using a hemocytometer; viability was >85%.
For differential leukocyte counts, samples of lung cell suspensions were
cytospun (Shandon Cytospin) onto glass slides and stained by the Diff-
Quik blood stain (Baxter Scientific). A total of 200—400 cells was counted
from each sample. For flow cytofluorometry, lung leukocytes were resus-
pended at 10° cells/ml in staining buffer (PBS plus 0.1% NaNj, plus and 1%
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FCS) FcRs were blocked by unlabeled anti-CD16/32 Abs (BD Bio-
sciences) and cells were stained for 20 min at 4°C. PE- labeled anti-CD40,
anti-CD86, anti-CD11b, anti-CD25, and anti-CD69 and FITC-labeled anti-
TAX, anti-CD80, anti-CD4, and anti-CD8 mAbs (BD Biosciences) were
used. Cells were fixed with 1% paraformaldehyde (Sigma-Aldrich) and
stored in the dark at 4°C until analyzed in a flow cytometer. The acquisition
and analysis gates were restricted to the lymphocytes or macrophages.
Tregs were characterized by intracellular staining for Foxp3 using a Treg
staining kit from BD Biosciences. Surface staining of CD25" and intra-
cellular FoxP3 expression were back-gated on the CD4™ T cell population.
For intracellular cytokine staining, cells were stimulated for 6 h in com-
plete medium in the presence of 50 ng/ml PMA, 500 ng/ml ionomycin
(both from Sigma-Aldrich), and monensin (3 mM; eBioscience). After sur-
face staining for CD4 and CD8, cells were fixed, permeabilized, and
stained by PerCP-Cy5 anti-IL-17 Abs (eBioscience). The cell surface ex-
pression of leukocyte markers as well as intracellular expression of FoxP3
and IL-17 in lung-infiltrating leukocytes were analyzed in a FACSCalibur
flow cytometer (BD Pharmingen) using the FlowJo software (Tree Star).

Fungicidal ability of neutrophils

To study the role of neutrophils in the control of fungal growth, PMN
leukocytes from WT and TLR2 KO mice were in vivo depleted by i.p.
administration of 0.5 ml of saline-diluted (1/5) rabbit anti-mouse PMN
polyclonal Ab (Accurate Chemical & Scientific) at days —1, +3, and +5
of i.t. infection (0 time) with 1 million P. brasiliensis yeast cells. Control
mice received equivalent amounts of normal rat IgG. The number of blood
PMN cells was evaluated before treatment (at day —2) and 24 h after the
mAb inoculation. Groups of IgG-treated and PMN-depleted mice (n =
4-6) were sacrificed 2 and 6 days after P. brasiliensis infection and se-
verity of disease evaluated by CFU counts. Mortality studies were done
with IgG-treated and PMN-depleted groups of eight to nine mice inocu-
lated i.t. with 1 X 10° yeast cells. Deaths were registered daily for a 10-day
period and experiments were repeated twice. Alveolar neutrophils were
obtained by bronchoalveolar lavage of mice infected 2 wk earlier with 1
million yeast cells. The number of PMN leukocytes in the nonadherent
fraction of lung cells was adjusted to 2 X 10 cells, plated in 96-well plates,
challenged with 1 X 10° yeast cells, and cocultivated for 1 h at 37°C. One
hundred microliters of cell homogenates was assayed for the presence of
viable yeast cells. All assays were done with three wells per condition in
more than two independent experiments.

Lymphoproliferation assay

Cells were assayed for proliferation using an in vitro fluorescence-based
assay. Briefly, 1 X 10° cells from spleens were stained with 1 ul (5 mM)
of CFSE (Molecular Probes) in PBS and 5% FCS for 15 min at room
temperature. Stained cells were cultured for 3 days in the presence of
anti-CD3 Abs (0.3 ug/ml), anti-CD28 (2.5 ug/ml) mAbs (BD Bio-
sciences), P. brasiliensis-soluble Ag (100 ug/ml), or Con A (1 ug/ml;
Sigma-Aldrich). A minimum of 20,000 events was acquired on a FACS-
Calibur flow cytometer using CellQuest software (BD Pharmingen). The
proliferation index (PI) was calculated as the mean fluorescence intensity
(MFI) of unstimulated cultures/MFI of stimulated cultures.

Statistical analysis

Data were analyzed by Student’s ¢ test or two-way ANOVA depending on
the number of experimental groups. Values of p < 0.05 were considered
significant.

Results

TLR2 deficiency leads to less severe fungal infection of
macrophages associated with decreased synthesis of NO,
IL-10, and MCP-1

Before performing fungicidal studies, we asked whether the initial
interaction between P. brasiliensis yeast cells and peritoneal mac-
rophages from TLR2™/~ and WT mice was equivalent. Macro-
phage cultures (1 X 10%well), performed in round glass cover-
slips, were preactivated or not with IFN-vy (20 ng/ml) and infected
with 2 X 10* viable yeast cells (1:50 fungus:macrophage ratio).
After a 4-h incubation, supernatants were aspirated, the monolay-
ers were gently washed with PBS, and the cells were stained with
Giemsa. An average of 1000 macrophages was counted and the
number of ingested and/or adherent yeast cells was determined.
Compared with WT macrophages, a lower number of yeast cells
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associated (ingested/adhered) with TLR2 ™/~ macrophages was
observed (Fig. 1A). Peritoneal macrophages were cultivated with
P. brasiliensis yeast cells for an additional 48-h period. Superna-
tants were removed and assayed for the presence of NO and cy-
tokines and cell homogenates were plated for CFU determinations.
As shown in Fig. 1B, the presence of functional TLR-2 led to
increased recovery of viable yeast cells from untreated and IFN-
y-primed macrophages (20 ng/ml). In addition, higher levels of
NO were produced by macrophages from WT mice than those of
TLR27/™ mice (Fig. 1B). Additional experiments were performed
with alveolar macrophages obtained from bronchoalveolar lavage
fluids of normal, uninfected, WT, and TLR2-deficient mice (Fig.
1C). Lower CFU counts were recovered from untreated TLR2-
deficient cells, although no significant differences were seen with
IFN-vy-activated macrophages. As observed with peritoneal cells,
TLR2-deficient alveolar macrophages synthesized lower levels
of NO.

To better characterize the role of TLR2 in P. brasiliensis infec-
tion, culture supernatants of peritoneal macrophages were evalu-
ated for the presence of some macrophage-activating cytokines
(IL-12 and TNF-a), a deactivating cytokine (IL-10), and for a
chemokine involved in mononuclear cell chemotaxis, MCP-1. As
depicted in Fig. 2, IFN-vy-treated and untreated macrophages from
TLR27/™ mice secreted decreased levels of IL-10 and MCP-1 than
those from WT mice. IL-12 and TNF-«, however, appeared in
similar levels.

In vivo, absence of TLR2 induces lower fungal loads but
increased lung pathology

We infected groups (n = 6—8) of TLR2™/~ and WT mice i.t. with
1 million P. brasiliensis yeast cells and evaluated parameters of
infection and local inflammatory pathology over the course of in-
fection. Diminished fungal burdens were detected in the lung tis-
sue of TLR2 ™/~ mice at all postinfection periods (48 h and 2 and
11 wk) assayed (Fig. 3A4). These lower fungal burdens were ac-
companied by lower NO levels in lung homogenates (Fig. 3B).
Equivalent fungal counts were detected in the liver and spleen
tissue (our unpublished data).

To assess the influence of TLR-2 deficiency in disease outcome,
the mortality of P. brasiliensis-infected TLR-2~'~ and WT mice
was registered daily for a 250-day period and the median survival
time was calculated for each strain. Unexpectedly, despite the sig-
nificant differences in fungal burdens, no differences between mor-
tality data (p = 0.104) were detected (Fig. 44). The mean survival
times of TLR-27'~ and WT mice were 221 and 190 days, respec-
tively. To better understand this result, histopathological exami-
nation of lungs was done at weeks 2 and 11 of infection. As can be
seen in Fig. 4, B-E, an equivalent and severe pattern of inflam-
matory reactions was detected in the lungs of both mouse strains.
The pulmonary lesions replaced almost all of the normal paren-
chyma and were composed of confluent granulomas of various
sizes containing many fungal cells surrounded by a small ring of
mononuclear cells. Some lesions were also surrounded by an ev-
ident fibrotic layer. Multinucleated cells were scarcely seen. Le-
sions of TLR2-deficient mice showed a more prominent presence
of inflammatory polymorphonuclear cells and decreased numbers
of P. brasiliensis yeast cells (Fig. 4, D and E).

TLR2™'~ deficiency determines a sustained recruitment of PMN
cells to the lungs

To better characterize the inflammatory reaction at the site of in-
fection, leukocyte recruitment to the lung tissue of P. brasiliensis-
infected TLR2™'~ and WT mice was studied at weeks 2 and 11 of
infection. As can be seen in Fig. 5, A and B, at both postinfection
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FIGURE 1. Macrophages (M¢) from TLR2-defi-
cient mice have a decreased ability to interact with fun-
gal yeast cells. A, For phagocytic assays, IFN-y-primed
(20 ng/ml, overnight) and unprimed peritoneal macro-
phage cultures were infected with P. brasiliensis yeast
cells in a macrophage:yeast ratio of 50:1. The cells were
cocultivated for 4 h at 37°C in 5% CO, to allow fungi
adhesion and ingestion. Cells were washed, fixed. and
stained with Giemsa; an average of 1000 macrophages 12500 _
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periods, increased numbers of polymorphonuclear cells (PMN)
were observed in the lungs of TLR2 ™/~ mice than in their normal
controls. Consistent with these findings, 72 h after infection, sig-
nificantly increased influx of PMN cells were detected in the bron-
choalveolar lavage fluids of TLR2™’~ mice (our unpublished
data). At both postinfection periods, lower numbers of macro-

phages were recovered from lungs of TLR2-deficient mice, but
only at week 2 was this difference significant. We further char-
acterized the presence of neutrophil- and macrophage-mobiliz-
ing chemokines in the lung homogenates of WT and TLR2 ™/~
mice. In good agreement with cell phenotypes detected at weeks
2 and 11 of infection, increased levels of KC were detected in
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FIGURE 3. In vivo, absence of TLR2 induces lower fungal loads and
NO synthesis. Depicted is the recovery of CFU (A) and NO (B) from the
lungs of TLR2™/~ and WT control mice infected i.t. with 1 X 10° yeast
cells. The bars represent means = SEM of log,, CFU obtained from groups
of six to eight mice at 48 h and 2 and 11 wk after infection. The results are
representative of three experiments. *, p < 0.05 between strains.

the lungs of deficient mice, whereas augmented levels of
MCP-1 were found in WT supernatants (Fig. 5, C and D). Thus,
TLR2 deficiency resulted in increased KC production and PMN
recruitment while in TLR2-normal mice a prevalent MCP-1
synthesis led to enhanced macrophage chemotaxis to the site of
infection.

Depletion of PMN leukocytes increases fungal loads and
mortality rates of TL2-deficient but not normal mice

The finding that PMN cells were abundantly recruited to the
lungs of TLR2™/~ mice in the presence of diminished fungal
growth led us to verify whether these cells had a significant
antifungal effector function in our model of pulmonary PCM.
Thus, TLR2™/~ and TLR2%/* mice were in vivo depleted of
PMN cells by a polyclonal Ab and infected i.t. with the fungus.
By days 2 and 6 after infection, PMN-depleted TLR2 ™/~ but
not normal mice presented increased fungal burdens in the
lungs (Fig. 6, A and B). The protective effect of PMN cells to
deficient mice was confirmed by the precocious mortality de-
veloped by PMN-depleted mice. By day 5 of infection, 50% of
PMN-depleted TLR2 /" mice died, although no deaths were
observed in the PMN-depleted WT group (Fig. 6C). We have
also evaluated the killing ability of alveolar PMN cells obtained
from P. brasiliensis-infected mice. At week 2 of infection, air-
way PMN cells were obtained from TLR2 /" and normal mice
and in vitro challenged with yeast cells (2:1, PMN:yeast ratio)
for 1 h. As can be seen in Fig. 6C, equivalent numbers of viable
yeast cells were recovered from both mouse strains, indicating
that PMN cells from TLR2-deficient mice did not have an in-
creased killing ability when compared with those from normal
mice. Hence, the higher CFU counts detected in PMN-depleted
TLR2™’~ mice could be attributed to the higher influx of PMN
leukocytes to the lungs but not to an intrinsically enhanced
killing ability of these cells.
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FIGURE 4. Despite the different fungal burdens, TLR2™'~ and
TLR2*"* mice present equivalent survival times and lung histopathology.
A, Survival times of TLR2/~ and WT control mice after i.t. infection with
1 X 10° P. brasiliensis yeast cells was determined in a period of 250 days.
No significant differences were seen in the median survival times of both
mouse strains; the results are representative of two independent experi-
ments. Photomicrographs of pulmonary lesions of WT (B and C) and
TLR2/~ (D and E) mice at week 11 of infection with 1 million P. bra-
siliensis yeast cells. At this period, despite the higher fungal loads detected
in WT mice, no differences in the severity of lesions between TLR2-defi-
cient and control mice were noted. Both mouse strains presented extensive
and confluent lesions occupying almost all lung parenchyma which pre-
sented an elevated number of yeast cells. H&E (B and D; X100) and
Grocott-stained lesions (C and E; X100).

TLR deficiency determines diminished T cell reactivity and
influx to the lungs

We have further analyzed the phenotype and activity of lung in-
flammatory cells of TLR2™/~ and WT mice infected i.t. with 1
million P. brasiliensis yeast cells. To determine the activation pro-
file of pulmonary macrophages, the expression of CD11b, MHC
class II (I-A¥), CD80, CD86, and CD40 Ags was assayed by flow
cytometry. As can be seen in Fig. 7, no differences in lung mac-
rophages were detected at weeks 2 and 11 of infection. The phe-
notypic analysis of lymphocyte subsets was also performed. Thus,
the expression of CD4, CD25, CD8, and CD69 molecules was
studied in lung-infiltrating lymphocytes. As depicted in Fig. 7A, at
week 2 of infection, no differences in the number and activation of
T cells were observed. However, a decreased frequency of acti-
vated CD4 ™" T lymphocytes expressing CD25 (CD4"CD25™") was
detected in TLR2 ™/~ animals at this period of infection (data not
shown). By week 11, however, significantly decreased numbers of
CD4", CD8"*, and CD8"CD69" T cells were detected in
TLR2 ™/~ animals (Fig. 7B).

To characterize the lymphoproliferative activity of spleen cells ob-
tained from WT and TLR2 /™ mice at week 4 of infection, CFSE-
labeled lymphocytes were in vitro stimulated with P. brasiliensis Ag,
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FIGURE 5. TLR2™/~ deficiency
determines a sustained increased re- 10 A 2 weeks
cruitment of PMN cells to the lungs. l

Number of leukocyte subsets (macro-
phages, PMN neutrophils, and lympho-
cytes) in the lung-infiltrating leukocytes
(LIL) from TLR2 ™"~ and WT mice in-
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anti-CD3 plus anti-CD28 mAbs, or Con A and cultivated for 72 h. As presence of yeast cells in the spleens of infected mice at this postin-

depicted in Table I, compared with TLR2-deficient mice, control mice fection period. Together, these experiments demonstrated that TLR2-
developed higher lymphoproliferative activity with all stimuli used, deficient mice mount a deficient T cell response as revealed by the
including the polyclonal T cell activator Con A. A similar result was diminished migration of T cells to the site of infection and the im-

detected with unstimulated control lymphocytes, probably due to the paired lymphoproliferative activity.
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FIGURE 6. Fungicidal activity of PMN neutrophils. A and B, PMN leukocytes were in vivo depleted from WT and TLR2 ™/~ mice by i.p. administration
of 0.5 ml of a 1/5 dilution of a rabbit anti-mouse PMN polyclonal Ab at days —1, +3, and + 5 of i.t. infection (0 time) with 1 million P. brasiliensis yeast
cells. Control mice received equivalent amounts of normal rat IgG. This treatment resulted in 75 and 87% of PMN depletion at days 0 and 6 of infection,
respectively. IgG-treated and PMN-depleted mice (n = 4—6) were sacrificed at days 2 and 6 days after fungal infection and severity of disease evaluated
by CFU counts in lung homogenates. C, Mortality data of PMN-depleted mice. Groups of mice (n = 8-9) were treated as above described and increased
mortality was observed only in the PMN-depleted TLR2 /" group. Data were obtained from two independent experiments. D, Alveolar neutrophils were
obtained by bronchoalveolar lavage of mice infected 2 wk earlier with 1 million yeast cells. The number of PMN leukocytes in the nonadherent fraction
was adjusted to 2 X 10° cells, challenged with 1 X 10° yeast cells, and cocultivated for 1 h at 37°C. One hundred microliters of cell homogenates were
assayed for the presence of viable yeast cells. All assays were done with three wells per condition in over two independent experiments. *, p < 0.05
compared with WT mice; #, p < 0.05 compared with IgG controls.
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TLR2-deficient mice develop a Thl7-skewed T cell response

Because the equilibrium between pro- and anti-inflammatory cy-
tokines determines the efficiency and cellular composition of in-
flammatory reactions (30) and because recent investigations have
demonstrated an increased presence of PMN cells associated with
prevalent IL-17 secretion (31), cytokines associated with Th1 (IL-
12, TNF-a, IL-2, and IFN-vy), Th2 (IL-4, IL-5, and IL-10), and
Th17 (TGF-, IL-6, IL-17, and IL-23) immunity were assessed in
lung homogenates obtained at different periods of infection (Figs.
8 and 9A). However, 48 h after infection, at the innate phase of
immunity, higher levels of TGF-$ and IL-17 were detected in the
lungs of TLR2-deficient mice. At week 2, this strain produced
higher amounts of IL-6, TGF-8, IL-17, and IL-23. By week 11,
TLR2™'~ mice showed a sustained increase of IL-23 associated
with lowered concentrations of IL-10 and IL-12. We have further
defined the phenotype of IL-17-producing cells. As shown in Fig.
9B, after 72 h and 2 wk of P brasiliensis infection, significantly
increased numbers of IL-17*CD4™ T cells were detected in the
lungs of TLR2™/~ mice. No differences were observed in the total
numbers of CD8" T cells, although the frequency of this T cell
subset was significantly augmented in TLR2-deficient mice. These
findings demonstrate that TLR2 deficiency induces, since the early
phase of pulmonary infection, a Th17-skewed immune response,
without severely impairing Th1 and Th2 immunity.

TLR2 deficiency results in lower expansion of
CD4"CD25" FoxP3™" Tregs

In murine candidiasis, TLR2 deficiency was associated with de-
creased IL-10 production and deficient expansion of CD4 ™" Tregs
(4, 32). In addition, differentiation of Tregs has an inhibitory effect
on Th17 expansion (33, 34). Although Th17 cells and Tregs re-
quire TGF-f to their differentiation, the concomitant presence of
some proinflammatory cytokines such as IL-1 or IL-6 results in
preferential development of Th17 cells and impaired Treg expan-
sion (34). These findings led us to ask whether the prevalent Th17

immunity developed by TLR2-defficient mice was associated with
decreased expansion and recruitment of Tregs to the lungs. Thus,
TLR2™~ and WT mice were sacrificed at weeks 2 and 11 after
infection and the presence of CD4"CD25 FoxP3* T cells was
characterized by flow cytometry in the CD4" subpopulation of
lung-infiltrating lymphocytes. Surface staining of CD25™ and in-
tracellular FoxP3™ expression was back-gated on the CD4 ™" T cell
population. As can be seen in Fig. 10, no differences were detected
at week 2 but, at week 11 a lower number of CD4"CD25 " FoxP3™
T cells was observed in the lung inflammatory lymphocytes of
TLR2-deficient than in WT mice.

Discussion

Recent studies have established the central role of TLRs in the
innate immune recognition of a wide variety of microorganisms,
including fungal pathogens (12, 15, 17). Since the contribution of
TLR in P. brasiliensis infection was never investigated, the present
report assessed the role of TLR2 in the innate and acquired phases
of immunity to this pulmonary fungal pathogen. Data here pre-
sented demonstrate that TLR2 promotes fungal infection, but it has
a concomitant beneficial effect to the host due to its inhibitory
effect on the development of inflammatory reactions associated
with prevalent Th17 immunity. Furthermore, it was also shown
that TLR2 activation positively controls the expansion of Tregs,
which modulate innate and adaptive immune cells and restrain
lung inflammatory pathology.

Although TLR usually do not mediate fungal uptake (35), our in
vitro studies suggested that P. brasiliensis yeast cells use TLR2 to
interact with macrophages and to activate innate immunity cells. P.
brasiliensis yeast cells appear to be recognized by TLR2 mole-
cules, resulting in increased adherence/ingestion and augmented
production of NO and cytokines (IL-10 and MCP-1). Despite this
increased activation, 48 h after infection an increased number of
viable fungi were recovered from TLR2-normal cells. This finding
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Table 1. PI of spleen lymphocytes obtained from P. brasilienis-infected
TLR2™~ and WT mice at week 4 of infection®

Treatment TLR2™/~ (PI) WT (PI?)
Control lymphocytes 0.78 2.82
Lymphocytes + AgPb 0.99 243
Lymphocytes + anti-CD28 0.66 2.66
Lymphocytes + Con A 1.3 6

“ Spleen cell suspensions were labeled with CFSE and cultured for 3 days in the
presence of anti-CD3 (0.3) Ab, anti-CD28 (2.5 ug/ml) Ab, P. brasiliensis-soluble Ag
(100 pg/ml), or Con A (1 ug/ml). The intensity of CFSE was assessed by flow
cytometry.

”The PI was calculated as the MFI of unstimulated cultures/MFI of stimulated
cultures. Data are representative of two independent experiments.

appears to be paradoxical, since the killing ability of murine mac-
rophages was previously reported to be associated with NO pro-
duction by cytokine-stimulated phagocytes (36). Although the kill-
ing mechanisms were not here addressed, it appears that the
increased NO secretion by TLR2-normal macrophages was not
sufficient to abolish the increased fungal interaction mediated by
TLR2 expression. Furthermore, the concomitant increase in IL-10
production could have inhibited the fungicidal ability of TLR2-
normal macrophages. Along the same line, we could hypothesize
that the lower IL-10 synthesis by TLR2™/~ macrophages would

TLR2 INHIBITS Th17 IMMUNITY IN FUNGAL INFECTION

enhance IDO activity which would control P .brasiliensis growth
and inhibit inducible NO synthase activity. This possibility is un-
der investigation in our laboratory and would accommodate the
lower fungal loads and NO production observed with TLR2 /~
macrophages (16, 30). Similarly to our results, TLR2-deficient
macrophages exhibited an increased ability to contain another fun-
gal pathogen, C. albicans, but this fact was not associated with
different patterns of cytokine production (37).

The in vivo infection of TLR2-deficient mice resulted in de-
creased fungal burdens in all postinfection periods assayed. The
less severe infection was always associated with low NO produc-
tion. Again, the differences in fungal burdens could be explained
by the different fungal interaction with alveolar macrophages at
early phases of infection and not by differences in NO secretion.
Forty-eight hours after infection, production of pulmonary cyto-
kines was similar in both mouse strains, except for the augmented
synthesis of TGF-3 and IL-17 by TLR2-deficient mice. Interest-
ingly, IL-17 is a cytokine involved with proinflammatory activity
and increased PMN chemotaxis due to its ability to promote the
synthesis of CXC chemokines (38—40). Consistent with the aug-
mented IL-17 production, 72 h after infection increased PMN in-
flux was detected in the alveolar spaces of TLR2 /" mice (our
unpublished data) and these cells could have efficiently controlled
fungal growth but also sustained the synthesis of IL-23 and IL-17
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(41). Consistent with this possibility, lung homogenates of PMN-
depleted TLR2 ™'~ mice showed diminished levels of IL-23 (data
not shown), suggesting that neutrophils could have a positive in-
fluence in the differentiation and expansion of Th17 cells. Al-
though IL-17 production is usually associated with the Th17 subset
of CD4™ T cells, this cytokine was also described to be pro-
duced by innate immune cells such as yd T cells, dendritic cells,
PMN cells, or NKT lymphocytes (41-45). In our model, CD4*
T cells were shown to be the main source of IL-17 because
increased numbers of IL-17"CD4™" T cells were present in the
lung inflammatory infiltrates of TLR2 ™/~ mice since the early
phase of infection. This fact led us to suppose that TLR2 sig-
naling could impair interactions of macrophages with fungal

v

IL-17

agonists that preferentially induce cytokines associated with the
Th17 pathway of T cell differentiation, a fact not previously
described in PCM.

At week 2 of infection, TLR2-deficient mice produced low
levels of MCP-1 associated with augmented synthesis of pul-
monary TGF-f, IL-6, IL-17, and IL-23. This pattern of cytokine
secretion points to a preferential activation of Th17 cells with-
out affecting other Th1/Th2 cytokines. Indeed, Th17 cell devel-
opment occurs in the presence of TGF-B and IL-6 and is main-
tained in the presence of 1L-23, an IL-12-related cytokine (46,
47). Interestingly, all of those mediators involved in the devel-
opment and maintenance of Th17 immunity were found in lung
homogenates of TLR2-deficient mice and increased numbers of
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FIGURE 10. TLR2-deficient mice do not expand the number of Tregs.
FoxP3 expression by lung lymphocytes from TLR2™~ and WT mice in-
oculated i.t. with 1 million P. brasiliensis yeast cells was determined by
flow cytometric analysis. Lungs of TLR2 ™/~ and WT mice (n = 6—8) were
excised, washed in PBS, minced, and digested enzymatically; 2 and 11 wk
after infection cell suspensions were obtained and stained as described in
Materials and Methods. The cell surface expression of leukocyte markers
as well as intracellular FoxP3™ expression in lung-infiltrating leukocytes
were analyzed by flow cytometry. Surface staining of CD25" and intra-
cellular FoxP3 expression were back-gated on the CD4™" T cell population.
The data represent the mean = SEM of the results from six to eight mice
per group and are representative of two independent experiments. *, p <
0.05 compared with WT mice.

IL-17*CD4™" T cells were found in the lungs of these mice after
72 h and 2 wk of P. brasiliensis infection. This Th17-biased
immunity resulted in altered cellular influx to the site of infec-
tion. At weeks 2 and 11 of infection, increased production of
KC, a CXC chemokine involved in PMN chemotaxis, and
augmented influx of neutrophils to the lungs of TLR2-KO mice
were detected; these findings are in agreement with previous
reports showing increased participation of PMN leukocytes in
inflammatory exudates governed by Th17 immunity (38-40,
48, 49). Consistent with our results, association of IL-17 syn-
thesis and increased PMN influx to the site of infection was
seen in bacterial pneumonia (50), inflammatory lung disorders
(51), and other fungal infections (31, 52). In addition, the di-
minished presence of MCP-1, a chemokine chemotactic for
macrophages, was associated with decreased numbers of these
cells in the lung cell infiltrates of TLR2-deficient animals.
The Thl7-induced PMN accumulation in inflammatory reac-
tions can play antagonistic effects to the hosts, being protective due
to its microbicidal ability or deleterious due to the release of tissue-
damaging components (41). In our model, the higher number of
lung-infiltrating PMN associated with Th17 immunity was respon-
sible, at least partially, by the better fungal clearance observed in
TLR2 ™'~ mice. This was shown by in vivo depletion of PMN cells
that led to increased fungal burdens only in TLR2™'~ mice. The
immunoprotective effect of neutrophils was also verified by the
early mortality of PMN-depleted TLR2 ’~ mice. These data are
consistent with previous findings in murine candidiasis describing
a more severe systemic infection associated with deficient IL-17
production and impaired influx of neutrophils to infected organs
(53) However, as described in other models of prevalent Th17
immunity, we believe that PMN cells exerted a dual effect in mu-
rine PCM. The protection granted by the increased influx and ef-
ficient fungicidal ability was probably accompanied by tissue dam-
age caused by the release of protein-degrading enzymes such as
neutrophil elastase, metalloproteinases, and other cytotoxic com-
pounds as reactive oxygen species (31, 41, 50-54). Since equiv-
alent fungicidal ability was detected in airway neutrophils from

TLR2 INHIBITS Th17 IMMUNITY IN FUNGAL INFECTION

TLR2 '~ and control mice, we believe that the increased number
of PMN cells that migrate to the lungs and not the intrinsic acti-
vation of neutrophils was responsible for the control of fungal
growth.

Despite the control of fungal growth, our data also suggest that
Th17 immunity and PMN cells have also exerted a deleterious
effect in TLR2 '~ mice. Indeed, the diminished fungal burdens of
TLR2™’~ mice were concomitant with pulmonary lesions as
severe as those displayed by WT mice. In both mouse strains
nonorganized inflammatory reactions replaced almost all lung
parenchyma, suggesting that high fungal loads (developed by
WT animals) or prevalent Thl17 immunity (mounted by
TLR2™/~ mice) have similar deleterious effects to P.
brasiliensis-infected mice.

The phenotypic analysis of lymphocyte subsets performed
after 2 and 11 wk of infection showed a decreased frequency of
CD4™" and CDS8™ T cells in TLR2 ™/~ mice. This fact could be
attributed to the lower fungal burden detected in this mouse
strain or to the Th17-skewed immunity developed by the defi-
cient animals. The early secretion of TGF-f and IL-6 by
TLR2 ™/~ mice appeared to have induced a precocious and
prevalent Th17 immunity which resulted in diminished macro-
phage and T cell migration to the lungs. These cells were, how-
ever, partially replaced by PMN neutrophils which characterize
Th17-mediated inflammatory exudates.

By week 11 of infection, TLR2™’~ mice appear to maintain
their prevalent Th17 immunity, whereas WT mice presented
increased fungal burdens associated with augmented production
of IL-10, IL-12, and significant expansion of Tregs. It can be
supposed that those Tregs exerted an enhancing effect on fungal
growth but an inhibitory activity on inflammatory reactions by
down-modulating innate and adaptive immunity. Consistent
with this interpretation, a recent work elegantly demonstrated
the association of Tregs and increased fungal burdens in an
experimental model of PCM using CXCRS5 KO mice (55). The
absence of TLR2 associated with decreased differentiation of
Tregs here observed is also consistent with the increased secre-
tion of TGF-B, which, associated with IL-6 (or other proinflam-
matory cytokine), could have inhibited FoxP3 production and
expansion of Tregs (30).

In murine candidiasis, TLR2-deficient mice were shown to de-
velop a more severe infection (56), a fact not subsequently con-
firmed (4, 16). The increased resistance of TLR2-deficient mice
was associated with diminished IL-10 production and a decreased
expansion of Tregs, which led to a more efficient Th1 immunity (4,
16). Similarly to the candidiasis model, PCM in TLR2 ™'~ mice
results in lower fungal loads and decreased expansion of Tregs.
However, expression of TLR2 appears to be protective to pulmo-
nary PCM because of its inhibitory activity on the development of
Th17 immunity and tissue pathology. In addition, the decreased
expansion of Tregs could have contributed to the maintenance of
pathogenic inflammatory reactions.

The prevalent Th17 immunity developed by TLR2-deficient
mice could be explained by the use of different pattern recognition
receptors at the initial phase of infection. Other experimental mod-
els have implicated the use of Dectin-1 or TLR4 in the induction
of Th17 immunity (57-59). Despite the initial pattern recognition
receptor used, our results add a new mechanistic pathway which
can lead to deleterious Th17 immunity in fungal infections in the
absence of TLR2 signaling.

In summary, we have demonstrated for the first time that TLR2
are important innate receptors for P. brasiliensis which appears to
use TLR2 as a virulence mechanism, which facilitates the access of
fungal cells into murine macrophages. Most important, this is the
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first study to demonstrate that TLR2 has a protective effect in pul-
monary fungal infections due to its ability to deviate T cell re-
sponses from pathogenic Th17 immunity to a balanced Th1/Th2
response modulated by Tregs.

Acknowledgments

We are grateful to Tania A. Costa and Paulo Albee for her invaluable
technical assistance and Prof. S. Akira for generously providing the
TLR2 /" breeders used in this study. We also thank Dr. Julio Schaferstein
for the donation of anti-PMN Abs.

Disclosures
The authors have no financial conflict of interest.

References

1.

2.

3.
4.

10.

15.
16.

19.

20.

21.

22.

23.

. Netea, M. G., C. A. Van Der Graaf, A. G. Vonk, I

Janeway, C. A. Jr., and R. Medzhitov. 2002. Innate immune recognition. Annu.
Rev. Immunol. 20: 197-216.

Takeda, K., T. Kaisho, and S. Akira. 2003. Toll-like receptors. Annu. Rev. Im-
munol. 21: 335-376.

Akira, A. TLR signaling. 2006. Curr. Top. Microbiol. Immunol. 311: 1-16.
Netea, M. G., R. Sutmuller, C. Hermann, C. A. Van der Graaf,
J. W. Van der Meer, J. H. van Krieken, T. Hartung, G. Adema, and
B. J. Kullberg. 2004. Toll-like receptor 2 suppresses immunity against Can-
dida albicans through induction of IL-10 and regulatory T cells. J. Immunol.
172: 3712-3718.

. Sutmuller, R. P., M. H. den Brok, M. Kramer, E. J. Bennink, L. W. Toonen,

B. J. Kullberg, L. A. Joosten, S. Akira, M. G. Netea, and G. J. Adema. 2006.
Toll-like receptor 2 controls expansion and function of regulatory T cells. J. Clin.
Invest. 116: 485-494.

. Liu, G, and Y. Zhao. 2007. Toll-like receptors and immune regulation: their

direct and indirect modulation on regulatory CD4*CD25™ T cells. Immunology
122: 149-156.

. Liu, H., M. Komai-Koma, D. Xu, and F. Y. Liew. 2006. Toll-like receptor 2

signaling modulates the functions of CD4*CD25" regulatory T cells. Proc. Natl.
Acad. Sci. USA 103: 7048-7053.

. Sutmuller, R. P., A. Gaaristem, and G. J. Adema. 2007. Regulatory T cells and

Toll-like receptors: regulating the regulators. Ann. Rheum. Dis. 66: 91-95.

. Yauch, L. E., M. K. Mansour, S. Shoham, J. B. Rottman, and S. M. Levitz. 2004.

Involvement of CD14, Toll-like receptors 2 and 4, and MyD88 in the host re-
sponse to the fungal pathogen Cryptococcus neoformans in vivo. Infect. Immun.
72: 5373-5382.

Biondo, C., A. Midiri, L. Messina, F. Tomasello, G. Garufi, M. R. Catania,
M. Bombaci, C. Beninati, G. Teti, and G. Mancuso. 2005. MyD88 and TLR2, but
not TLR4, are required for host defense against Cryptococcus neoformans. Eur.
J. Immunol. 35: 870-878.

Verschueren,
J. W. Van Der Meer, and B. J. Kullberg. 2002. The role of Toll-like receptor
(TLR) 2 and TLR4 in the host defense against disseminated candidiasis. J. Infect.
Dis. 185: 1483-1489.

. Netea, M. G., G. Ferwerda, C. A. van der Graaf, J. W. Van der Meer, and

B. J. Kullberg. 2006. Recognition of fungal pathogens by Toll-like receptors.
Curr. Pharm. Des. 12: 4195-4201.

. Meier, A., C. J. Kirschning, T. Nikolaus, H. Wagner, J. Heesemann, and F. Ebel.

2003. Toll-like receptor (TLR) 2 and TLR4 are essential for Aspergillus-induced
activation of murine macrophages. Cell Microbiol. 5: 561-570.

. Dubourdeau, M., R. Athman, V. Balloy, M. Huerre, M. Chignard, D. J. Philpott,

J. P Latgé, and O. Ibrahim-Granet. 2006. Aspergillus fumigatus induces innate
immune responses in alveolar macrophages through the MAPK pathway inde-
pendently of TLR2 and TLR4. J. Immunol. 177: 3994—-4001.

Romani, L. 2004. Immunity to fungal infections. Nat. Rev. Immunol. 4: 1-23.
Bellocchio, S., C. Montagnoli, S. Bozza, R. Gaziano, G. Rossi, S. S. Mambula,
A. Vecchi, A. Mantovani, S. M. Levitz, and L. Romani. 2004. The contribution
of the Toll-like/IL-1 receptor superfamily to innate and adaptive immunity to
fungal pathogens in vivo. J. Immunol. 172: 3059-3069.

. Calich, V. L., A. Pina, M. Felonato, S. Bernardino, T. A. Costa, and F. V. Loures.

2008. Toll-like receptors and fungal infections: the role of TLR2: TLR4 and
MyDS88 in paracoccidioidomycosis. FEMS Immunol. Med. Microbiol. 53: 1-7.

. Franco, M. 1987. Host-parasite relationships in paracoccidioidomycosis. J. Med.

Vet. Mycol. 25: 5-18.

Borges-Walmsley, M. 1., D. Chen, X. Shu, and A. R. Walmsley. 2002. The
pathobiology of Paracoccidioides brasiliensis. Trends Microbiol. 10: 80—87.
Calich, V. L. G., T. A. Costa, M. Felonato, C. Arruda, S. Bernardino,
F. V. Loures, L. R. R. Ribeiro, R. C. Valente-Ferreira, and A. Pina. 2008. Innate
immunity to Paracoccidioides brasiliensis infection. Mycopathologia 165:
223-236.

Calich, V. L. G., and M. H. S. L. Blotta. 2005. Pulmonary paracoccidioidomy-
cosis. In Fungal Immunology: From an Organ Perspective. P. L. Fidel, and
G. B. Huffnagle, eds. Springer, New York, pp. 201-228.

Brummer, E. 1994. Interaction of Paracoccidioides brasiliensis with host defense
cells. In Paracaccidioidomycosis. M. Franco, C. Silva Lacaz, A. Restrepo, and
G. Del Negro, editors. CRC, Boca Raton, FL, pp. 212-223.

Calich, V. L., T. L. Kipnis, M. Mariano, C. F. Neto, and W. D. Dias da Silva.
1979. The activation of complement system by Paracoccidioides brasiliensis “in

24.

25.

26.

27.

28.

29.

30.

33.

34.

3s.

36.

37.

38.

1289

vitro™: its opsonic effect and possible significance for an in vivo model of infec-
tion. Clin. Immunol. Immunopathol. 12: 20-30.

Jiménez, M. del, P., A. Restrepo, D. Radzioch, L. E. Cano, and L. F. Garcia.
2006. Importance of complement 3 and mannose receptors in phagocytosis of
Paracoccidioides brasiliensis conidia by Nrampl congenic macrophages lines.
Immunol. Med. Microbiol. 47: 56—66.

Popi, A. F., J. D. Lopes, and M. Mariano. 2002. Gp43 from Paracoccidioides
brasiliensis inhibits macrophage functions: An evasion mechanism of the fungus.
Cell. Immunol. 218: 87-94.

Pina, A., S. Bernardino, and V. L. Calich. 2008. Alveolar macrophages from
susceptible mice are more competent than those of resistant mice to control initial
Paracoccidioides brasiliensis infection. J. Leukocyte Biol. 83: 1088—1099.
Kashino, S. S., R. A. Fazioli, C. Cafalli-Favati, L. H. Meloni-Bruneri, C. A. Vaz,
E. Burger, L. M. Singer, and V. L. Calich. 2000. Resistance to Paracoccidioides
brasiliensis infection is linked to a preferential Th1l immune response, whereas
susceptibility is associated with absence of IFN-vy production. J. Interferon. Cy-
tokine Res. 20: 89-97.

Cano, L. E., L. M. Singer-Vermes, C. A. C. Vaz, M. Russo, and V. L. G. Calich.
1995. Pulmonary paracoccidioidomycosis in resistant and susceptible mice: re-
lationship among progression of infection, bronchoalveolar cell activation, cel-
lular immune response, and specific isotype patterns. Infect. Immun. 63:
1777-1783.

Singer-Vermes, L. M., M. C. Ciavaglia, S. S. Kashino, E. Burguer, and
V. L. G. Calich. 1992. The source of the growth-promoting factor(s) affects the
plating efficiency of Paracoccidioides brasiliensis. J. Med. Vet. Mycol. 30:
261-264.

Romani, L., and P. Puccetti. 2006. Protective tolerance to fungi: the role of IL-10
and tryptophan catabolism. Trends Microbiol. 14: 183-189.

. Zelante, T., A. De Luca, P. Bonifazi, C. Montagnoli, S. Bozza, S. Moretti,

M. L. Belladonna, C. Vacca, C. Conte, P. Mosci, et al. 2007. 1L-23 and the Th17
pathway promote inflammation and impair antifungal immune resistance. Eur.
J. Immunol. 37: 2695-2706.

. Netea, M. G., N. A. Gow, C. A. Munro, S. Bates, C. Collins, G. Ferwerda,

R. P. Hobson, G. Bertram, H. B. Hughes, T. Jansen, et al. 2006. Immune sensing
of Candida albicans requires cooperative recognition of mannans and glucans by
lectin and Toll-like receptors. J. Clin. Invest. 116: 1642-1650.

Zhou, L., J. E. Lopes, M. M. Chong, L. I. Ivanov, R. Min, G. D. Victora, Y. Shen,
J. Du, Y. P. Rubtsov, A. Y. Rudensky, et al. 2008. TGF-B-induced Foxp3 inhibits
Ty 17 cell differentiation by antagonizing ROR vyt function. Nature 453: 236-240.
Veldhoen, M., R. J. Hocking, C. J. Atkins, R. M. Locksley, and B. Stockinger.
2006. TGF- in the context of an inflammatory cytokine milieu supports de novo
differentiation of IL-17-producing T cells. Immunity 24: 179—-189.

Netea, M. G., G. D. Brown, B. J. Kullberg, and N. A. Gow. 2008. An integrated
model of the recognition of Candida albicans by the innate immune system. Nat.
Rev. Microbiol. 6: 67-78.

Cano, L. E., R. Arango, M. E. Salazar, E. Brummer, D. A. Stevens, and
A. Restrepo. 1992. Killing of Paracoccidioides brasiliensis conidia by pulmo-
nary macrophages and the effect of cytokines. J. Med. Vet. Mycol. 30: 161-168.
Blasi, E., A. Mucci, R. Neglia, F. Pezzini, B. Colombari, D. Radzioch,
A. Cossarizza, E. Lugli, G. Volpini, G. Del Giudice, and S. Peppoloni. 2005.
Biological importance of the two Toll-like receptors, TLR2 and TLR4, in mac-
rophage response to infection with Candida albicans. FEMS Immunol. Med. Mi-
crobiol. 44: 69-79.

Wu, Q., R. J. Martin, J. G. Rino, R. Breed, R. M. Torres, and H. W. Chu. 2007.
IL-23-dependent IL-17 production is essential in neutrophil recruitment and ac-
tivity in mouse lung defense against respiratory Mycoplasma pneumoniae infec-
tion. Microbes Infect. 9: 78 —86.

39. Ley, K., E. Smith, and M. A. Stark. 2006. IL-17A-producing neutrophil-regula-

40.

41.

42.

43.

44.

45.

46.

47.

tory T lymphocytes. Immunol. Res. 34: 229-242.

Liang, S. C., A. J. Long, F. Bennett, M. J. Whitters, R. Karim, M. Collins,
S. J. Goldman, K. Dunussi-Joannopoulos, C. M. Williams, J. F. Wright, and
L. A. Fouser. 2007. An IL-17F/A heterodimer protein is produced by mouse Th17
cells and induces airway neutrophil recruitment. J. Immunol. 179: 7791-7799.
Romani, L., T. Zelante, A. De Luca, F. Fallarino, and P. Puccetti. 2008. IL-17 and
therapeutic kynurenines in pathogenic inflammation to fungi. J. Immunol. 180:
5157-5162.

Michel, M. L., A. C. Keller, C. Paget, M. Fujio, F. Trottein, P. B. Savage,
C. H. Wong, E. Schneider, M. Dy, and M. C. Leite-de-Moraes. 2007. Identifi-
cation of an IL-17-producing NK1.1"°® iNKT cell population involved in airway
neutrophilia. J. Exp. Med. 204: 995-1001.

De Luca, A., C. Montagnoli, T. Zelante, P. Bonifazi, S. Bozza, S. Moretti, C.
D’Angelo, C. Vacca, L. Boon, F. Bistoni, P. Puccetti, F. Fallarino, and
L. Romani. 2007. Functional yet balanced reactivity to Candida albicans requires
TRIF, MyD88, and IDO-dependent inhibition of Rorc. J. Immunol. 179:
5999-6008.

Bozza, S., T. Zelante, S. Moretti, P. Bonifazi, A. Deluca, C. D’Angelo,
G. Giovannini, C. Garlanda, L. Boon, F. Bistoni, et al. 2008. Lack of Toll IL-1R8
exacerbates Th17 cell responses in fungal infection. J. Immunol. 180:
4022-4031.

Romani, L., F. Fallarino, A. De Luca, C. Montagnoli, C. D’ Angelo, T. Zelante,
C. Vacca, F. Bistoni, M. C. Fioretti, U. Grohmann, B. H. Segal, and P. Puccetti.
2008. Defective tryptophan catabolism underlies inflammation in mouse chronic
granulomatous disease. J. Immunol. 180: 5157-5162.

Bettelli, E., M. Oukka, and V. K. Kuchroo. 2007. T417 cells in the circle of
immunity and autoimmunity. Nat. Immunol. 8: 345-350.

Mangan, P. R., L. E. Harrington, D. B. O’Quinn, W. S. Helms, D. C. Bullard,
C. O. Elson, R. D. Hatton, S. M. Wahl, T. R. Schoeb, and C. T. Weaver. 2006.

0T0Z ‘g2 Afenuer uo B0’ jounwiw ' MMM LWIoJ} papeojumoq


http://www.jimmunol.org

1290

48.

49.

50.

51.

52.

54.

Transforming growth factor-8 induces development of the Ty 17 lineage. Nature
441: 231-234.

Carlson, T., M. Kroenke, P. Rao, T. E. Lane, and B. Segal. 2008. The
Th17 ELR™ CXC chemokine pathway is essential for the development of cen-
tral nervous system autoimmune disease. J. Exp. Med. 205: 811-823.
Kobayashi, Y. The role of chemokines in neutrophil biology. 2008. Front. Biosci.
13: 2400-2407.

Ye, P., F. H. Rodriguez, S. Kanaly, H. L. Stocking, J. Schurr,
P. Schwarzenberger, P. Oliver, W. Huang, P. Zhang, J. E. Shellito, et al. 2001.
Requirement of interleukin 17 receptor signaling for lung CXC chemokine
and granulocyte colony-stimulating factor expression, neutrophil recruitment,
and host defense. J. Exp. Med. 194: 519-527.

Lindén, A., M. Laan, and G. P. Anderson. 2005. Neutrophils, interleukin-17A and
lung disease. Eur. Respir. J. 25: 159-172.

Cooper, A. M. 2007. IL-23 and IL-17 have a multi-faceted largely negative role
in fungal infection. Eur. J. Immunol. 37: 2680-2682.

. Huang, W., L. Na, P. L. Fidel, and P. Schwarzenberger. 2004. Requirement of

interleukin-17A for systemic anti-Candida albicans host defense in mice. J. In-
fect. Dis. 190: 624—631.

Andersson, A., R. Kokkola, J. Wefer, H. Erlandsson-Harris, and R. A. Harris.
2004. Differential macrophage expression of IL-12 and IL-23 upon innate im-

TLR2 INHIBITS Th17 IMMUNITY IN FUNGAL INFECTION

55.

56.

57.

58.

59.

mune activation defines rat autoimmune susceptibility. J. Leukocyte Biol. 76:
1118-1124.

Moreira, A. P., K. A. Cavassani, F. S. Massafera Tristdo, A. P. Campanelli,
R. Martinez, M. A. Rossi, and J. S. Silva. 2008. CCR5-dependent regulatory T
cell migration mediates fungal survival and severe immunosuppression. J. Im-
munol. 180: 3049-3056.

Villamén, E., D. Gozalbo, P. Roig, J. E. O’Connor, D. Fradelizi, and M. L. Gil.
2004. Toll-like receptor-2 is essential in murine defenses against Candida albi-
cans infections. Microbes Infect. 6: 1-7.

LeibundGut-Landmann, S., O. Gross, M. J. Robinson, F. Osorio, E. C. Slack,
S. V. Tsoni, E. Schweighoffer, V. Tybulewicz, G. D. Brown, J. Ruland, and
C. Reis e Sousa. 2007. Syk- and CARD9-dependent coupling of innate immunity
to the induction of T helper cells that produce interleukin 17. Nat. Immunol. 8:
630-638.

Hara, H., C. Ishihara, A. Takeuchi, T. Imanishi, L. Xue, S. W. Morris, M. Inui,
T. Takai, A. Shibuya, S. Saijo, et al. 2007. The adaptor protein CARD9 is es-
sential for the activation of myeloid cells through ITAM-associated and Toll-like
receptors. Nat. Immunol. 8: 619-629.

Abdollahi-Roodsaz, S., L. A. Joosten, M. I. Koenders, 1. Devesa, M. F. Roelofs,
T. R. Radstake, M. Heuvelmans-Jacobs, S. Akira, M. J. Nicklin, F. Ribeiro-Dias,
et al. 2008. Stimulation of TLR2 and TLR4 differentially skews the balance of T
cells in a mouse model of arthritis. J. Clin. Invest. 118: 205-216.

0T0Z ‘g2 Afenuer uo B0’ jounwiw ' MMM LWIoJ} papeojumoq


http://www.jimmunol.org

TLR2 IsaNegative Regulator of Thl7
WOLECITNIUU  Cdlsand Tissue Pathology in a
Pulmonary Model of Fungal I nfection

of January 28, 2010 Flavio V. Loures, Adriana Pina, Maira Felonato and Vera
L. G. Cdlich

Thisinformation is current as

J. Immunol. 2009;183;1279-1290; originally published
online Jun 24, 2009;

doi:10.4049/jimmunol.0801599

http://www.jimmunol .org/cgi/content/full/183/2/1279

References This article cites 57 articles, 18 of which can be accessed free at:
http://www.jimmunol .org/cgi/content/full/183/2/1279#BIBL

1 online articles that cite this article can be accessed at:
http://www.jimmunol.org/cgi/content/full/183/2/127%otherarticl
es

Subscriptions Information about subscribing to The Journal of Immunology is
onlineat http://www.jimmunol.org/subscriptions/

Permissions Submit copyright permission requests at
http://www.aai.org/ji/copyright.html

Email Alerts Receive free email alerts when new articles cite thisarticle. Sign
up at http://www.jimmunol.org/subscriptions/etoc.shtml

The Journal of Immunology is published twice each month by
The American Association of Immunologists, Inc., 9650
Rockville Pike, Bethesda, MD 20814-3994.

Copyright ©2009 by The American Association of
Immunologists, Inc. All rights reserved.

Print ISSN: 0022-1767 Online | SSN: 1550-6606.

0T0Z ‘g2 Afenuer uo B0’ jounwiw MMM LWIoJ ) papeojumoq


http://www.jimmunol.org:80/cgi/adclick/?ad=22727&adclick=true&url=http%3A%2F%2Fwww.biolegend.com
http://www.jimmunol.org/cgi/content/full/183/2/1279
http://www.jimmunol.org/cgi/content/full/183/2/1279#BIBL
http://www.jimmunol.org/cgi/content/full/183/2/1279#otherarticles
http://www.jimmunol.org/subscriptions/
http://www.aai.org/ji/copyright.html
http://www.jimmunol.org/subscriptions/etoc.shtml
http://www.jimmunol.org

IAl Accepts, published online ahead of print on 14 December 2009
Infect. Immun. doi:10.1128/1A1.01198-09

Copyright © 2009, American Society for Microbiology and/or the Listed Authors/Institutions. All Rights Reserved.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

TLR4 signaling leads to a more severe fungal infection associated with
enhanced proinflammatory immunity and impaired expansion of

regulatory T cells

Flavio V. Lou1res,1 Adriana Pina, ! Maira Felonato, "Eliseu F. Aratjo, Katia R. M.

Leite,2 and Vera L. G. Calich!”

lDepartarnento de Imunologia, Instituto de Ciéncias Biomédicas, Universidade de Sao
Paulo, Sdo Paulo, SP, Brazil, and * Servigo de Patologia, Hospital Sirio Libanés, Sdo

Paulo, SP, Brazil

Keywords: Paracoccidioides brasiliensis; Pulmonary pathology; Innate immunity;

Adaptive immunity; Cytokines, T cells

Corresponding Author: Vera L. G. Calich, Departamento de Imunologia, Instituto de
Ciéncias Biomédicas da Universidade de Sao Paulo, Av. Prof. Lineu Prestes 1730, CEP
05508-900, Sao Paulo, SP, Brazil. Phone: 55-11- 30917397. Fax: 55-11-30917224. E-

mail: vlicalich@icb.usp.br

Running Title: Role of TLR4 in pulmonary paracoccidioidomycosis

0102 ‘gg Arenuer uo dsn - sesslolglg ap opeiBajul ewalsiS Je 610 wse el Wolj papeojumod


http://iai.asm.org

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Abstract:

Toll-like receptors (TLRs) present in innate immune cells recognize pathogen
molecular patterns and influence immunity that control host-parasite interaction.
The objective of this study was to characterize the involvement of TLR4 in the
innate and adaptive immunity to Paraccocidioides brasiliensis, the most important
primary fungal pathogen of Latin America. We compared the responses of
C3H/HeJ mice, which are naturally defective in TLR4 signaling, with C3H/HePas
mice, which express functional receptors, after in vitro and in vivo infection with
P.brasiliensis. Unexpectedly, we verified that TLR4-defective macrophages
infected in vitro with P. brasiliensis presented decreased fungal loads associated
with impaired synthesis of nitric oxide, IL-12 and MCP-1. After intratracheal
infection with one million yeasts, TLR4-defective mice developed reduced fungal
burdens and decreased levels of pulmonary nitric oxide, proinflammatory
cytokines and antibodies. TLR4-competent mice produced elevated levels of I1L-12
and TNF-q, besides cytokines of the Th17 pattern indicating a proinflammatory
role for TLR4 signaling. The more severe infection of TLR4-normal mice resulted
in increased influx of activated macrophages and T cells to the lungs, progressive
control of fungal burdens but impaired expansion of regulatory T cells. In
contrast, TLR4-defective mice were not able of totally clearing their diminished
fungal burdens, associated with deficient activation of T cell immunity and
enhanced development of Treg cells. These divergent patterns of immunity,
however, resulted in equivalent mortality rates indicating that control of elevated
fungal growth mediated by vigorous inflammatory reactions is as deleterious to
the hosts as low fungal loads inefficiently controlled by limited inflammatory

reactions.
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INTRODUCTION

Pathogen recognition receptors (PRRs) are a group of receptors present in the membrane
and cytoplasm of innate immunity cells which recognize the presence of invading
microbes by interacting with conserved pathogen structures, the so called “pathogen
associated molecular patterns” or “PAMP”. This initial event of innate immunity is
crucial to control pathogen growth and to subsequently activate adaptative immunity.
Toll like receptors (TLRs) constitute a major family of pattern recognition molecules
and, like other PRRs, are able to respond to different structural homologies conserved in
many microorganisms (2, 62). The TLRs activation is crucial for many aspects of
microbe elimination, including microbial killing, recruitment of phagocytes to the site of
infection and activation of dendritc cells (DCs) (52). Early TLR activation results in the
production of several inflammatory mediators and the final balance among pro- and
anti-inflammatory components will regulate the type of adaptative immune response.
Recent findings have shown that direct recognition of PAMPs by DCs is critical for
priming appropriate T cell responses resulting in T helper 1 (Th1), Th2 or Th17
immunity (25, 31, 34, 60).

The TLR4 is the key receptor that recognizes bacterial lipopolysaccharides
whereas TLR2 is involved in the interaction with bacterial peptidoglycans and
lipoproteins (66). As described for other microorganisms, TLRs were shown to be
involved in host defense against different fungal pathogens. In vivo and in vitro studies
demonstrated that Cryptococcus neoformans (7, 67), Candida albicans (43, 45) and
Aspergillus fumigatus (24, 39) may signal through members of the TLR family, mainly
TLR2 and TLR4. Different components of a certain pathogen can be used to stimulate

the immune system. Thus, phospholipomannan of C. albicans is sensed by TLR2 (33)
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while O-linked mannans are recognized by TLR4 (44).The contribution of individual
TLRs to the immune response against pathogenic fungi depends on several factors such
as the fungal morphotype, fungal species and route of infection. Activation signals
mediated by innate immunity receptors, however, are not always beneficial to the host
and TLR activation can be used by pathogenic fungi to promote more severe infections
(5, 53).

Paracoccidioidomycosis (PCM) is a systemic granulomatous disease caused by
the dimorphic fungus Paracoccidioides brasiliensis and constitutes de most prevalent
deep mycosis in Latin America (28). The alveolar macrophages are the first host cells
that interact with P. brasiliensis cells and their activation is fundamental to control
fungal growth. The molecular mechanisms controlling the initial steps of P. brasiliensis
and phagocytes interaction are not well understood. It is known, however, that normal
macrophages are permissive to P. brasiliensis growth while cytokine-activated
macrophages are able to restrain P. brasiliensis multiplication (12). Complement
receptor 3 (CR3) and mannose receptor were shown to play an important role in the
initial interaction between P. brasiliensis cells and mouse peritoneal macrophages (14,
32, 50). Interestingly, a recent work of our laboratory demonstrated that alveolar
macrophages from susceptible mice (B10.A) are easily activated by P. brasiliensis
infection, and show efficient fungal killing associated with nitric oxide production while
pulmonary macrophages from resistant mice (A/Sn) are poorly activated and present
inefficient killing activity associated with increased levels of TGF-f3 (49). Despite their
inefficient innate immunity, A/Sn mice develop a balanced Th1/Th2 immunity which
controls fungal growth without intense tissue pathology.

In a previous work, our group demonstrated the influence of TLR2 in pulmonary

PCM (15, 38) . Using TLR2-normal and TLR2-deficient mice we were able to show
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that the presence of TLR2 causes more severe in vitro and in vivo P.brasiliensis
infections. In addition, TLR2 deficiency results in increased Th17 immunity associated
with diminished expansion of Treg cells and increased lung pathology due to
unrestrained inflammatory reactions (38). Characterizing the behavior of dendritic cells
in murine PCM, Ferreira et al. observed an increased expression of TLR2 by dendritic
cells of susceptible, but not resistant mice (26). Moreover, TLR2, TLR-4 and dectin-1
were suggested to be involved in the recognition and internalization of P. brasiliensis
by human monocytes and neutrophils, indicating an important role of these pathogen
receptors in the immune response against the fungus (10).

We decided to investigate the role of TLR4 in murine PCM using in vitro and in
vivo models of infection. Using TLR-competent C3H/HePas and C3H/HeJ mice which
possess a missense mutation in the TLR4 gene, we were able to demonstrate that both,
in vitro and in vivo, TLR4 signaling causes a more severe infection associated with
increased activation of innate and adaptive immunity, but decreased expansion of Treg
cells. This pattern of immunity, however, was not beneficial to the hosts due to the
increased lung injury mediated by inefficient control of inflammatory reactions by Treg

cells.

MATERIALS AND METHODS

Fungus. P. brasiliensis Pb18, a highly virulent isolate was used throughout this

investigation (36). Pb18 yeast cells were maintained by weekly sub-cultivation in
semisolid culture medium. Washed yeast cells were adjusted to 20 x 10° cells/ml (in
vivo infection) and 4 x 10* cells/ml (in vitro infection) based on hemocytometer counts.
Viability was determined with Janus Green B vital dye (Merck) and was always higher

than 85%.
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Mice and intra-tracheal infection. C3H/HeJ and C3H/HePas were obtained

from our Isogenic Breeding Unit (Departmento de Imunologia, Instituto de Ciéncias
Biomédicas, Universidade de Sao Paulo, Brazil) and used at 8 to 12 weeks of age.
C3H/HelJ has a point mutation in the TLR4 gene and C3H/HePas has a functional TLR4
gene. In selected experiments, C57B1/6 mice genetically deficient of TLR4 (TLR4 KO)
and their normal C57BL/6 counterparts were used. Mice were anesthetized and
submitted to intratracheal (i.t.) P. brasiliensis infection as previously described (18).
Briefly, after intraperitoneal anesthesia, the animals were i.t. infected with 10° P.
brasiliensis yeasts cells, contained in 50ul of PBS. Mice were studied at 96h, 2 and 11
weeks postinfection. The experiments were approved by the ethics committee on animal

experiments of our institution.

Phagocytic and fungicidal assays. Thioglycollate-induced peritoneal
macrophages were isolated by adherence (2h at 37° C in 5% COy) to plastic-bottom
tissue-culture plates (1x10° cells/well in 24 well plates for fungicidal assays), or plated
onto 13-mm-round glass coverlips (1x10° cells/well in 24 well plates) for phagocytosis.
Macrophages were washed to remove nonadherent cells and cultivated overnight with
fresh complete medium (DMEM, Dulbecco’s Modified Eagle’s Medium, Sigma,
containing 10% fetal calf serum, 100 U/ml penicillin and 100 pg/ml streptomycin in the
presence or absence of recombinant IFN-y (20 ng/ml in culture medium, BD-
Pharmingen). Non-adherent cells were counted to evaluate the number of remaining
adherent cells used in phagocytic and killing assays. For phagocytic assays, macrophage
cultures were infected with P. brasiliensis yeasts in a macrophage:yeast ratio of 25:1.
This ratio was previously determined and was shown to be no deleterious to
macrophage cultures and adequate for phagocytosis and killing assays (18, 49). The

cells were co-cultivated for 4h at 37° C in 5% CO, to allow fungi adhesion and
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ingestion. Cells were washed twice with PBS to remove any non-ingested or non-
adhered yeast, and samples were processed for microscopy. Cells were fixed with
methanol and stained with Giemsa (Sigma). Experimental conditions were performed in
triplicate, and the number of phagocytosed or adhered yeasts per 1000 macrophages was
evaluated on at least three separate slides. For fungicidal assays, IFN-y-primed and
unprimed macrophage cultures were infected with P.brasiliensis yeasts as above
described. After 48 h of culture at 37° C in a CO, incubator, plates were centrifuged
(400x g, 10 min, 4° C), supernatants stored at —70° C and further analyzed for the
presence of nitrite and cytokines. The wells were washed with distilled water to lyse
macrophages, and suspensions collected in individual tubes. One hundred pl of cell
homogenates were assayed for the presence of viable yeasts. All assays were done with

five wells per condition in over three independent experiments.

CFU assay, histological and morphometrical analyses. The numbers of
viable microorganisms in cell cultures and infected organs (lungs, liver and spleen)
from experimental and control mice were determined by counting the number of colony
forming units (CFU). Animals from each group were sacrificed, and the enumeration of
viable organisms was done as previously described (59). The numbers (logio) of viable
P. brasiliensis per gram of tissue (in vivo) or per mL of cell homogenates (in vitro) are
expressed as the means * standard errors. For histological examinations, the left lung of
infected mouse was removed, fixed in 10% formalin, and embedded in paraffin. Five
pm sections were stained by the hematoxilin-eosin (H&E) for an analysis of the lesions,
and silver stained for fungal evaluation. Pathologic changes were analyzed based on the
size, morphology and cell composition of granulomatous lesions, presence of fungi and
intensity of the inflammatory infiltrates. Morphometrical analysis was performed using

a Nikon DXM 1200c digital camera (magnification of 10x), and Nikon NIS Elements
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AR 2.30 software. The area of lesions was measured (in pmz) in 10 microscopic fields
per slide in 10 animals per group. Results were expressed as the mean + standard errors

of total area of lesions for each animal.

Measurement of cytokines and NO. Supernatants from lung homogenates or
cell cultures were separated and stored at —70°C. The levels of IL-2, IL-4, IL-5, IL-23,
IL-17, IL-12, IL-10, TNF-a, IFN-y and levels of the MCP-1 chemokine, were measured
by capture enzyme-linked immunosorbent assay (ELISA) with antibody pairs purchased
from BD Pharmingen. The ELISA procedure was performed according to the
manufacturer's protocol and absorbances were measured with Versa Max Microplate
Reader (Molecular Devices). NO production was quantified by the accumulation of
nitrite in the supernatants from in vitro and in vivo protocols by a standard Griess

reaction. All determinations were performed in duplicate and expressed as uM NO.

Measurement of Serum P. brasiliensis-Specific Isotypes. Specific isotypes
levels (total IgG, IgM, IgA, IgGl, IgG2a, IgG2b, and IgG3) were measured by a
previously described ELISA (18) employing a cell-free antigen prepared by using a
pool of different P. brasiliensis isolates (Pb339, Pb265 and Pb18). The average of the
optical densities obtained with sera from control mice (PBS inoculated) diluted 1:20,
was considered the cutoff for each respective isotype. Optical densities for each dilution
of experimental sera were compared to the control values. The titer for each sample was
expressed as the reciprocal of the highest dilution that presented an absorbance higher

than the cutoff.
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Assessment of leukocyte subpopulations in lung inflammatory exudates. After 2
and 11 weeks of infection, lungs from each mouse digested enzymatically for 30
minutes with collagenase (1 mg/ml) and DNase (30 pg/ml) in culture medium (Sigma).
Lung cells suspensions were centrifuged in presence of 20% percoll (Sigma) to separate
leukocytes from cell debris. Total lung leukocyte numbers were assessed in the presence
of trypan blue using a hemocytometer; viability was >85%. For differential leukocyte
counts, samples of lung cell suspensions were cytospun (Shandon Cytospin) onto glass
slides and stained by the Diff-Quik blood stain (Baxter Scientific). A total of 200 to 400
cells were counted from each sample. For flow cytofluorometry, lung leukocytes were
resuspended at 10° cells/ml in staining buffer (PBS * 0.1% NaN; " and 1% fetal calf
serum). Fc receptors were blocked by unlabeled anti-CD16/32 antibodies (BD
Biosciences) and cells stained for 20 minutes at 4°C. Phycoerytrin- labeled (PE) anti-
CD40, CD86, CD11b, CD25, CD69 and fluorescein isothiocyanate-labeled (FITC) anti-

IAk, CD80, CD4, CD8 monoclonal antibodies (BD Biosciences) were used. Treg cells

were characterized by intracellular staining for Foxp3, using the Treg staining kit of BD
Bioscience. Surface staining of CD25" and intracellular FoxP3 expression were back-
gated on the CD4" T cell population. Cells were fixed with 1% paraformaldehyde
(Sigma) and stored in the dark at 4°C until analyzed in a flow cytometer. The aquisition
and analysis gates were restricted to the lymphocytes or macrophages. The cell surface
expression of leukocyte markers as well as intracellular expression of FoxP3 in lung
infiltrating leucocytes, were analyzed in a FACScalibur flow cytometer (BD

Pharmingen) using the FlowJo software (Tristar).

Limulus amoebocyte lysate activity assay. Solutions used to prepare yeast cell

suspensions and macrophages cultivation were tested for the presence of LPS using the

0102 ‘gg Arenuer uo dsn - sesslolglg ap opeiBajul ewalsiS Je 610 wse el Wolj papeojumod


http://iai.asm.org

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Limulus amoebocyte lysate chromogenic assay (E-TOXATE®, Sigma) and always

showed LPS levels lower than 0.015 EU/mL (endotoxin units).

Statistical analyses. Data were analyzed by Student's  test or two-way analysis
of variance depending on the number of experimental groups. P values under 0.05 were

considered significant.

RESULTS

TLR4-deficiency leads to less severe fungal infection of macrophages
associated with decreased synthesis of NO, IL-12 and MCP-1. Before performing
fungicidal studies, we asked whether the initial interaction between P. brasiliensis
yeasts and peritoneal macrophages from C3H/HeJ and C3H/HePas mice was equivalent.
Macrophages cultures (1x10%well), performed in round glass coverlips, were pre-
activated or not with IFN-y (20 ng/ml) and infected with 4x10* viable yeasts (1: 25
fungus: macrophage ratio). After 4h incubation supernatants were aspirated, the
monolayers gently washed with PBS and the cells stained with Giemsa. An average of
1,000 macrophages was counted and the number of ingested and/or adherent yeasts was
determined. As shown in Fig. 1A, when compared with normal macrophages, TLR4-
deficient macrophages presented a lower number of associated (ingested/adhered)
yeasts.

Macrophages were cultivated with P. brasiliensis yeasts for an additional 48h
period. Supernatants were removed and assayed for the presence of nitric oxide and
cytokines and cell homogenates plated for CFU determinations. As can be seen in Fig.
1B, TLR4-signaling resulted in increased recovery of viable yeasts from untreated and

IFN-y-primed macrophages. In addition, higher levels of NO were produced by IFN-y-

10
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activated macrophages from TLR4-normal mice than those of TLR4-defective mice
(Fig. 1C). P. brasiliensis infection of unprimed macrophages do not induce NO
production that was only detected in IFN-y-treated macrophages.

We further asked if TLR4 expression or signaling was involved in the decreased
fungal loads observed with TLR4-defective macrophages. As C3H/Hel mice have a
defect in the intracellular signaling domain but a normal extracellular moiety, we
comparatively assessed the behavior of macrophages genetically deficient for TLR4
expression. Thus, TLR4” from C57BL/6 mice were infected and compared with their
TLR4"* counterparts. TLR4-deleted macrophages showed decreased phagocytic ability
(Fig. 1D) and decreased numbers of viable yeasts were recovered from killing assays
(Fig. 1E). Similarly with C3H/HeJ macrophages, TLR4™ cells produced diminished
levels of NO. This result suggested that TLR4 signaling appeared to influence the
endocytic and killing ability of P. brasiliensis infected macrophages.

To further characterize the role of TLR4 in P. brasiliensis infection of C3H
macrophages, culture supernatants obtained from killing assays were tested for the
presence of some macrophage activating cytokines (IL-12 and TNF-a), a deactivating
cytokine (IL-10) and for a chemokine involved in mononuclear cell chemotaxis, the
macrophage chemotactic protein-1 (MCP-1). As depicted in Fig. 2, IFN-y-treated and
untreated macrophages from TLR4-defective mice secreted decreased levels of IL-12
and MCP-1 than those of TLR4-normal mice. IL-10 and TNF—a, however, appeared in
similar levels.

In vivo, absence of TLR4 signaling induces lower fungal loads and
diminished NO production. To study the in vivo role of TLR4, groups (n = 6 to 8) of
C3H/HelJ and C3H/HePas mice were i.t. infected with one million P. brasiliensis yeast

cells and evaluated in the course of infection. Diminished fungal burdens were detected
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in the lung tissue of mice lacking functional TLR4 at all postinfection periods (96h, 2
and 11 weeks) assayed, as can be seen in Fig. 3A. In both strains, no fungal growth was
observed in liver and spleen tissue (data not shown). Decreased NO levels were detected
96 h and at week 11 after infection, although by week 2 similar levels were observed
(Fig. 3B).

Defective TLR4 signaling determines decreased inflammatory reactions
composed of lower numbers of activated macrophages and T cells. We have further
analyzed the phenotype and activation of lung inflammatory cells at weeks 2 and 11 of
P.brasiliensis infection (Fig. 4). To determine the activation profile of pulmonary
macrophages, the expression of CD11b, MHC class II (IAK), CD80, CD86 and CD40
antigens was assessed by flow cytometry. As can be seen in Fig. 4A, all activation
markers were expressed in lower levels by deficient macrophages, although significant
differences were noticed with CD11b, MHC class II antigen and CD86. To determine
the lymphocyte influx and the activation profile of CD4" and CD8" T cells in the lungs
of P. brasiliensis infected mice, we determined the expression of the CD69 and CD25
by T cells freshly isolated from the lungs. The marker CD609 is a very early activation
antigen (70) as well as CD25, the a-chain of the interleukin-2 receptor (56), which is
rapidly up-regulated on activated T cells. Compared with the control group, at week 2 of
infection TLR4-deficient mice presented a significantly reduced recruitment of CD4*
and CD8" T cells to the lungs, and the latter subpopulation also showed a decreased
expression of CD69 (Fig. 4B). Studies at week 11 postinfection confirmed those of
week 2. TLR4-normal mice presented increased numbers of CD11b*, CD11c" and
CD40" macrophages (Fig. 4C) besides augmented numbers of CD4*, CD8" and

CD8'CD69" T lymphocytes in the inflammatory exudates of lungs (Fig. 4D).

12
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The limited inflammatory reaction of TLR4-deficient mice was associated
with increased numbers of Treg cells. Because Treg cells control the expansion of
effector T cells, and the number and function of these cells were shown to be influenced
by TLR4 activation (34), we characterized the presence of CD4"CD25"FoxP3" T cells
in the lung cell infiltrates of TLR4-defective and normal mice (Fig. 5). At both
postinfection periods studied, TLR4-defective mice showed increased numbers of
CD4"CD25 FoxP3" Treg cells in their lungs (Fig.5).

TLR4 dysfunction leads to diminished production of proinflammatory and
Th17 cytokines. Cytokines associated with Th1, Th2 and Th17 cells were assessed in
lung homogenates obtained at different periods of infection. The production of type 1
(IL-12, TNF-a, and IFN-v), and type 2 (IL-4, IL-5 and IL-10) cytokines, as well as the
Th17-associated (IL-17, IL-6, TGF-B and IL-23) cytokines were studied 96h, 2 and 11
weeks after infection. Mice lacking the ability to signal through TLR4 showed an early
(96h) deficient production of IL-12, TNF-a, IL-17 and IL-6 (Fig. 6A). By week 2, IL-17
and IL-23 appeared in lower levels in the lungs of TLR4-defective mice (Fig. 6B). This
decreased production of cytokines was confirmed at week 11 when these mice presented
decreased amounts of IL.-12, IL-17 and TGF- (Fig. 6C). Interestingly, IL-17 and MCP-
1 were constantly produced in higher levels by TLR4-normal mice (Fig. 6).

TLR4-defective mice produced lower levels of P.brasiliensis specific
antibodies. Although in some fungal infections specific antibodies may have a
protective role (19) in human and experimental PCM antibody production is a marker of
disease severity (13, 17). As expression of TLRs were shown to influence B cell
activation (30, 41) we decided to characterize humoral immunity of TLR4-deficient and
normal mice at week 11 postinfection. The less severe infection of TLR4-deficient mice

was associated with decreased production of IgG1, IgG2b and IgM specific isotypes.
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Absence of TLR4 signaling does not increase mortality rates but results in
less severe inflammatory reactions in the lungs. To verify the influence of TLR4
deficiency in the disease outcome, mortality of P.brasiliensis infected C3H/Hel and
C3H/HePas mice was registered daily for a 250-days period, and the median survival
time was calculated for each strain. Surprisingly, despite the significant differences in
fungal burdens, no differences between mortality data (p=0.9) were detected (Fig. 8A).
The mean survival times of C3H/HeJ and C3H/HePas mice were 221 and 203 days,
respectively. At day 250 (35 weeks postinfection), the remaining survivors were
sacrificed and the number of CFUs determined in organs. Compared with other
postinfection periods assayed, lower fungal burdens were detected in both mouse
strains, but TLR4-normal mice remained with higher pulmonary fungal loads than toll-
defective mice (Fig. 8B). To further characterize the severity of P.brasiliensis infection,
histopathological examination of lungs was done at week 11 of infection. As can be
seen in Fig. 8C and 8E, a similar pattern of inflammatory reactions was detected in the
lungs of both mouse strains, but more preserved lung tissue was seen in TLR4-defective
mice. The pulmonary tissue presented several confluent or isolated granulomas of
varying sizes containing yeast cells with preserved morphology (Fig. 8D, 8F). Large
aggregates of macrophages, rare epithelioid cells and a poor mantle of lymphocytes
composed the granulomas, which were usually placed in the interlobular septa. Plasma
cells, eosinophils and multinucleated cells were scarcely seen. The total area of lesions
was quantified in histological sections and shown in Fig 8G. At week 11, the areas of
lesions of TLR4-normal mice were significantly larger than that presented by TLR4-
deficient mice. Thus, the higher influx of inflammatory cells observed in the lungs of

TLR4-normal mice was concomitant with increased pathology of lung tissue.

DISCUSSION

14
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The innate immune mechanisms of hosts infected with P.brasiliensis are poorly
defined, but macrophages and their pathogen recognition receptors are thought to play a
crucial role in the initial interaction of this fungus with the immune system (16, 26, 29,
49, 50). Despite several studies with diverse fungal pathogens (16, 43) the role played
by TLRs in paracoccidioidomycosis is still unclear. In a previous report we were able to
show the dual role played by TLR2 in the immunity to P.brasiliensis infection. TLR2
activation prevented uncontrolled inflammatory reactions in pulmonary
paracoccidioidomycosis associated with increased expansion of Th17 cells and
diminished function of Treg cells (38).

Initially we characterized the influence of TLR4 in the phagocytic and fungicidal
ability of macrophages. Both, absence of TLR4 expression by TLR4”~ C57BL/6 mice as
well as defective TLR4 signaling (C3H/HelJ) resulted in deficient P.brasiliensis
ingestion/adherence, and lower fungal loads recovered 48 hs after co-cultivation. In
both deficient mouse strains, lower levels of nitric oxide (and cytokines with C3H/Hel
cells) were detected, indicating that the lower CFU counts recovered were not due to
increased activation of phagocytes and enhanced fungal killing, but probably by the
decreased endocytosis of P.brasiliensis yeasts. TLRs usually do not act as phagocytic
receptors but their engagement by pathogen components results in strong activation of
inflammatory responses (8, 9). There are, however, several examples demonstrating that
cell signaling can influence endocytosis and vice-versa (20, 23). Indeed, TLR4 was
shown to actively participate in bacterial phagocytosis (4) and to be rapidly internalized
by human monocytes after in vitro interaction with P.brasiliensis yeasts or A. fumigatus
conidia (10, 21). In addition, a recent paper has clearly demonstrated that TLR4 and
TLR2 synergize with class-A scavenger receptor to mediate phagocytosis of Gram-

negative and Gram-positive bacteria, respectively (3). Thus, we can suppose that TLR
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signaling facilitated the endocytosis of P.brasiliensis and further induced the activation
of proinflammatory pathways which, however, were not sufficient to control the early
increased fungal loads. As equivalent results were obtained with macrophages lacking
TLR4 expression, we believe that TLR4 signaling could have influenced the
phagocytosis mediated by another pathogen receptor. Although our experiments have
not discriminated the main PRR involved in the initial P.brasiliensis recognition,
(particularly due to the number and complexity of components that comprise fungal cell
walls), we have clearly demonstrated that TLR4 participate in the activation of innate
immune cells required to the initial interaction with P.brasiliensis yeasts. Our in vitro
findings were validated by in vivo experiments, which demonstrated that early in
infection TLR4-normal mice presented higher fungal loads than their TLR4-defective
counterparts and this was accompanied by increased activation of the immune system.
Additional experiments with PRR agonists and antagonists using TLR4 normal and
deficient cells are needed, however, to further clarify the role of TLRs in pulmonary
PCM.

Our in vivo data showed that mice expressing a defective TLR4 developed a less
severe infection associated with lower production of nitric oxide, cytokines and
migration of inflammatory cells to the site of infection. A decreased presence of
activated macrophages expressing CD11b, CD86, CD40 and MHC class II molecules
was concomitant with a reduced synthesis of MCP-1. In addition, the diminished
presence of CD4" T cells and recently activated CD69" CD8" T cells in the lungs of
TLR4-defective mice demonstrates that TLR4 signaling is necessary to the proper
activation of adaptive immunity to P.brasiliensis and enhanced migration of
inflammatory cells into the lungs. Consistent with these observations, several reports

demonstrated that TLR4 signaling is needed to the activation and maturation of
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dendritic cells, which acquire the competent phenotype to preferentially differentiate
naive T cells to the Th1 or Th17 patterns (57, 64, 65). No differences in Th1 and Th2
cytokines, however, were detected in lung homogenates. The increased production of
IL-12 and TNF-a concomitant with unaltered synthesis of Th2 cytokines (IL-4, IL-5
and IL-10) indicated, however, that TLR4 signaling promoted a cytokine milieu biased
to a proinflammatory balance. This cytokine response could have protected C3H/HePas
mice from high fungal burdens due to the enhanced fungicidal mechanisms of activated
phagocytes. Indeed, in experimental an human PCM, cytokine-activated phagocytes
(mainly by IFN—y, IL-12 and TNF-a) were shown to be the most important effector
cells against P.brasiliensis infection (36, 40, 46, 55). Our data on cytokines production
showed an additional fact not previously reported in PCM. The expression of TLR4
facilitated the expansion of IL-17-producing cells since the levels of IL-17 and other
Th17 associated cytokines (IL-6 and IL-23) appeared in higher levels in the lungs of
TLR4-competent mice. In our previous report, we could verify that absence of TLR2
signaling induced enhanced expansion of Th17 cells and both CD4* and CD8" T cells
displayed intracellular IL-17 (38). Further studies in the TLR4-deficient model will help
us to characterize the phenotype of cells involved in IL-17 production.

TLR4 ligation is important to activate Th1 or Th17 responses (65) while TLR4-
deficiency can lead to increased expansion of CD4*CD25" regulatory T cells (47, 48).
Assessing the presence of Treg cells in the lungs of toll-deficient and control mice at
weeks 2 and 11 of infection, an increased number of CD4*CD25"FoxP3* cells was
found in the lungs of TLR4-defective mice. This finding was associated with decreased
fungal loads and diminished influx of inflammatory cells to the site of infection. As
Treg cells were shown to control the inductive and effector phases of immunity against

pathogens (6) we can suppose that Treg cells could have negatively controlled the
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expansion and migration of P.brasiliensis-specific T cells to the lungs. Thus, the
advantage of low fungal loads conferred by TLR4 deficiency appeared to be negatively
compensated by the deficient T cell immunity and increased numbers of Treg cells
which appear to hamper the total clearance of fungi cells from the lungs.

At week 11 of infection, decreased levels of IL-12 were detected, probably due
to the decreased migration of macrophages to the lungs. Interestingly, in C3H/HeJ mice
decreased levels of IL-17 were concomitant diminished levels of TGF-f3 indicating that
another cytokine or costimulatory signal have participated in the increased expansion of
Treg cells (27).

As expression of TLRs were shown to influence B cell activation (41), we
decided to analyze the levels of anti-P.brasiliensis isotypes in our model and observed
an impaired humoral immune response in TLR4-defective mice. At week 11 of
infection (Fig. 7) TLR4-deficient mice produced lower levels of IgG1, IgG2b and IgM
specific antibodies. This could be due to the diminished fungal loads or the decreased
production of cytokines observed in this mouse strain. Alternatively, as almost all TLRs
ligands were recently shown to induce expansion and differentiation of B cells (30), we
can suppose that TLR4 agonists present in P.brasiliensis yeasts could have exerted an
stimulatory effect on B cells of TLR4-normal mice, resulting in increased humoral
immunity. Independently of the mechanisms used, this is the first demonstration on the
stimulatory role of TLR4 in the humoral immunity of P.brasiliensis infected hosts.

TLR4 recognizes lipopolysaccharide (LPS) of Gram-negative bacteria and favor
Thlimmunity due to the increased ability of LPS-stimulated DCs to produce IL.-12 and
TNF-a (51). In some fungal infections, however, cell wall polysaccharides have been
reported to function as TLRs agonists (42, 63). To our knowledge, no studies in

paracoccidioidomycosis have addressed the characterization of TLR agonists. Although
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LPS or LPS-like components in P.brasiliensis were not characterized, a few
investigations have described the presence of polysaccharides, lipids and glycolipids in
P.brasiliensis cell walls (35, 61). The alcali-soluble fraction of P.brasiliensis cell walls
was shown to contain a high proportion of galactomannan (35) and is tempting to
suppose that this component could play a role in TLR4 activation.

Dectin and TLR4 signaling by microbial agonists have been reported to induce
prevalent expansion of Th17 cells (1, 22, 33, 37). In our model, mice that possessed
functional TLR4 were shown to have increased levels of IL-17 and other Th17
associated cytokines in their lungs. Although not investigated in the present work, IL-
17-mediated immunity was shown to exert deleterious or protective effects in infectious
processes (54, 58). Actually, Th17 immunity can protect hosts due to its
proinflammatory and chemotactic effect to PMN cells. Conversely, the enhanced
oxidative metabolism and increased synthesis of metalloproteinases can result in tissue
pathology and detrimental effect to the hosts (11, 68, 69). In our previous work on the
role of TLR2 in pulmonary PCM we could demonstrate the dual role of Th17 immunity.
The increased presence of inflammatory neutrophils conferred immunoprotection by
reducing fungal loads but also resulted in tissue pathology equivalent to that induced by
higher fungal burdens (38).

Mortality studies, unexpectedly, demonstrated that TLR4 signaling does not
influence disease outcome since TLR4-competent and deficient mice presented
equivalent survival times. In the course of the disease, both mouse strains were able to
control fungal growth and to develop granulomatous reactions. However, the higher
fungal loads, the enhanced T cell immunity and the lower expansion of Treg cells
resulted in more extensive inflammatory lesions which exerted a deleterious effect to

the lungs of TLR4-normal mice. On the other hand, the inefficient T cell immunity of
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TLR4-deficient mice, tightly controlled by Treg cells, was not sufficient to totally clear
the diminished fungal loads of TLR4-defective mice abolishing the initial advantage
conferred by their defective phagocytic ability. In sum, our findings indicate that high
fungal loads accompanied by enhanced inflammatory responses mediated by
uncontrolled T cell immunity are equivalent to low fungal loads poorly controlled by
deficient T cell response. Both mechanisms of immunity result in the chronic evolution

of infection and equivalent mortality rates.
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LEGENDS TO FIGURES

Fig. 1. TLR4-deficiency leads to less severe fungal infection of macrophages
associated with decreased synthesis of NO. The phagocytic and fungicidal ability or
macrophages with defective TLR4-signaling (C3H/HeJ) or TLR4 expression (C57BL/6
TLR4™") were compared with their TLR4-normal controls (C3H/HePas and C57BL/6
TLR4'*, respectively) (A) For phagocytic assays, IFN-y-primed (20ng/ml, overnight)
and unprimed macrophage cultures were infected with P. brasiliensis yeasts in a
macrophage:yeast ratio of 25:1. The cells were co-cultivated for 4h at 37° C in 5% CO,
to allow fungi adhesion and ingestion. Cells were washed, fixed and stained with
Giemsa; an average of 1,000 macrophages was analyzed, and the number of
macrophages with adhered or ingested yeasts was determined. (B) For fungicidal
assays, [FN-y-primed and unprimed macrophages were infected with yeast cells as
above described. After 48 h at 37° C in 5% CO2, plates were centrifuged and
supernatants used to determine levels of nitrite and cytokines. The monolayers were
washed with distilled water to lyse macrophages, and 100 pl of cell homogenates were
assayed for the presence of viable yeasts by a CFU assay. (C) Supernatants from
fungicidal assays were used to determine the levels of nitrites using the Griess reagent.
Data are the mean + SEM of quintuplicate samples from one experiment representative

of 3 independent determinations. *P < 0.05.

Fig. 2. Macrophages from TLR4-defective mice secrete diminished levels of IL-12 and
MCP-1. IFN-y treated (20.00 ng/ml) or untreated macrophages of TLR4-competent
(C3H/HePas) and defective (C3H/HeJ) mice were challenged with viable P. brasiliensis

yeasts (1:25, fungus:macrophage ratio) during 4h, washed, and further cultivated for
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48h at 37°C in 5% CO2. Plates were then centrifuged and supernatants used for
cytokine measurements using ELISA. Data are the means + SEM of triplicate samples

from one experiment representative of 3 independent determinations. *P < 0.05 .

Fig. 3. In vivo, TLR4 dysfunction leads to less severe fungal infection. Depicted is the
recovery of CFU from the lungs TLR4-defective and TLR4-normal control mice
infected i.t. with 1 x 10° yeasts. Lung homogenates were used to determine the levels of
nitrites using the Griess reagent. The bars represent means + SEM of log;o CFU
obtained from groups of six to eight mice at 96h, 2 and 11 weeks after infection. The

results are representative of three independent experiments. *P < 0.05.

Fig. 4. Increased numbers of activated macrophages, CD4" and CD8" T lymphocytes
were detected in the lungs of TLR4-competent mice at weeks 2 and 11 of infection.
Characterization of leukocyte subsets by flow cytometry in the lung infiltranting
leucocytes (LIL) from TLR4-defective and TLR4-normal mice inoculated i.t. with 1
million P. brasiliensis yeast cells. Lungs of C3H/HePas and C3H/HeJ mice (n=6-8)
were excised, washed in PBS, minced, and digested enzymatically. At weeks 2 and 11
after infection lung cell suspensions were obtained and stained as described in Materials
and Methods. The aquisition and analysis gates were restricted to lymphocytes or
macrophages. The data represent the mean + SEM of the results from 6-8 mice per

group and are representative of two independent experiments. *P < 0.05.
Fig. 5. TLR4-defective mice presented increased numbers of Treg cells in the

lungs. FoxP3 expression by lung lymphocytes from TLR4-defective (C3H/HeJ) and

normal (C3H/HePas) mice inoculated i.t. with 1 million P. brasiliensis yeast cells was
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determined by flow cytometric analysis. Lungs of mice (n=6—-8) were excised, washed
in PBS, minced, and digested enzymatically; 2 and 11 weeks after infection cell
suspensions were obtained and stained as described in Materials and Methods. The cell
surface expression of leukocyte markers as well as intracellular FoxP3" expression in
lung infiltrating leucocytes were analyzed by flow cytometry . Surface staining of
CD25" and intracellular FoxP3 expression were back-gated on the CD4" T cell
population. The data represent the number of CD4"CD25 FoxP3" cells for individual

mice (n=5-6) and are representative of two independent experiments.

Fig. 6. Lung homogenates of TLR4-competent mice presented increased levels of
proinflammatory cytokines. At 96h, 2 and 11 weeks after i.t. infection with 10° yeast
cells of P. brasiliensis, lungs from TLR4-defective and TLR4-competent mice were
collected and disrupted in 5.0 ml of PBS and supernatants were analyzed for cytokines
content by capture ELISA. The bars depict means + SEM of cytokine levels (6-8
animals per group). The results are representative of three independent experiments.* P

<0.05.

Fig. 7. TLR4 deficiency determines impaired humoral immunity. Levels of
P.brasiliensis-specific antibodies in the sera of TLR4-defective (C3H/HeJ) and normal
mice (C3H/HePas) at week 11 after i.t. infection with 1 x 10° yeast cells. Sera were
assayed for total IgG, IgM, IgA, IgGl, IgG2a, IgG2b and IgG3 by using an isotype-
specific ELISA as detailed in methods. The bars depict means (log ;) = SE of serum

titers (6 to 8 mice per group). * (P<0.05) compared with controls.
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Fig. 8. Compared with TLR4-normal mice, TLR4-defective mice present increased
fungal loads and lung pathology but equivalent survival times. (A) Survival times of
TLR4-defective and control mice after i.t. infection with 1 x 10° P. brasiliensis yeast
cells was determined in a period of 250 days. No significant differences were seen in the
median survival times of both mouse strains; the results are representative of two
independent experiments. (B) By 250 days after infection survivor (n=3-6) mice were
sacrificed and tissue CFU determined. No viable yeasts were recovered from livers and
spleens. (C-F) Photomicrographs of pulmonary lesions of TLR4-competent C3H/HePas
mice (C, D) and TLR4-defective C3H/Hel mice (E, F) mice at week 11 of infection
with 1 million P. brasiliensis yeasts. At this period, the morphology of lesions was
equivalent in both mouse strains; fungal cells were surrounded by confluent or isolated
granulomas scattered through the lung tissue. H&E (C, E) and Groccot (E, F,) stained
lesions (100X). (G) Total area of lesions in the lungs of mice (n=10) at week 11 after

infection. *P < 0.05.
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