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RESUMO

ESTUDO DE MECANISMOS MOLECULARES DETERMINANTES DE
DIFERENCAS DA INTERACAO DE MACROFAGOS DE CAMUNDONGOS CBA
com Leishmania amazonensis OU Leishmania major. IVANA NUNES GOMES
Camundongos CBA sfo susceptiveis a Leishmania amazonensis e resistentes a L. major.
Eventos da resposta imune inata parecem cruciais na determinagio da resposta a infec¢do
por Leishmania. Macrofagos desempenham papel importante no controle da infecgio,
pois in vitro controlam a infecgdo por L. major, entretanto sdo permissiveis a L.
amazonensis. Neste trabalho, pretendeu-se investigar mecanismos moleculares
envolvidos na determinagdo dos perfis de resposta de macrofagos de CBA infectados, in
vitro, por L. amazonensis ou L. major. Observamos que IFN-y, apesar de induzir
produgdo semelhante de NO, reduz a infec¢do causada por L. major, ndo alterando a
infec¢do por L. amazonensis. Essa redugdo é dependente de TNF-a. Em estudos de
biogénese do vaciiolo parasitoforo, observou-se que ha semelhanga na cinética de fusdo
dos vactolos contendo L. amazonensis ou L. major com lisossomas, evidenciando que a
maior sobrevivéncia de L. amazonensis ndo esta relacionada a um retardo na formagéo do
fagolisossomo. O padrio de expressio de genes, que poderiam influenciar no
desenvolvimento da resposta imune do hospedeiro a infec¢do por Leishmania, foi
avaliado, utilizando-se a técnica de DNAmicroarray. A infecgdo por L. amazonensis ou
L. major induz alteragdes no padrio de expressdo de genes anteriormente relacionados a
infec¢do por Leishmania, e outros que ainda ndo tinham sido associados. Genes
relacionados a explosdo respiratoria, formagdo do vacuolo parasitoforo e receptores de
superficie, envolvidos na ativagdo celular e fagocitose, estdo induzidos ou suprimidos a
depender da espécie de Leishmania e o tempo de infecgdo. Genes relacionados a
receptores do tipo scavenger foram induzidos na infecgdo por L. major. Esse resultado
esta relacionado ao aumento na expressdo in vitro do receptor scavenger MARCO em
células infectadas por L. major, quando comparada a infeccio por L. amazonensis.
Estudos in vivo demonstraram que linfonodos de camundongos infectados por L. major
apresentaram um aumento da expressdo de MARCO em comparagio a infecgdo por L.
amazonensis. Observamos que L. amazonensis induziu gene da catalase, enzima que inibe
a explosdo respiratoria. Esse dado pode estar relacionado com a observagdo anterior, que
na infecgo in vitro de macrofagos com L. amazonensis ha uma inibigdo da produg@o de
H;0,, em comparag@o a célula controle. Esses dados sugerem que diferencas encontradas
na infecgdo de macrofagos podem estar relacionadas com a determinagio dos perfis de
resisténcia ou susceptibilidade, reforgcando a importdncia do macréfago para o
estabelecimento da infecgdo.

Palavras-chave: Macrofago, L. amazonensis, L. major, TNF-o, Expressdo génica.




ABSTRACT

STUDY OF MOLECULAR MECHANISMS WHICH DETERMINE DIFFERENCES
IN CBA MACROPHAGE INTERACTION Leishmania amazonensis OR Leishmania
major. IVANA NUNES GOMES

CBA mice are susceptible to Leishmania amazonensis and resistant to L. major
infection. Events of innate immune response are supposed to be determinants of
Leishmania infection outcome. CBA macrophages control L. major and are permissive
to L. amazonensis infection in vitro, indicating that macrophages participate in
determination of host immune profile. In the present work, we intended to investigate
the molecular mechanisms, which underlie these differences. We demonstrated that
IFN-y was only able to reduce L. major infection although induced similar NO
production by both L. amazonensis- and L. major-infected cells. This reduction is a
TNF-a-dependent mechanism. Furthermore, the ability of L. amazonensis to survive
insidle CBA nacrophages was not related to a delay on L. amazonensis-induced
phagosome fusion with lysosomes as both L. amazonensis- and L. major-induced
parasitophorous vacuoles present the same kinetic of fusion with lysosomes.
DNAmicroarray was then performed in response to L. amazonensis or L. major
infection which are the macrophages genes up or down-regulated. We showed that both
parasites induced significant alterations on macrophage gene expression. Some of the
expressed genes were previously related to Leishmania infection but some of them were
not yet associated to Leishmania infection. Genes related to cell surface receptors,
which participate both in cell activation and phagocytosis of microorganisms, as well as
genes involved in respiratory burst response and in parasitophorous vacuole biogenesis
had their expression modified dependending on the Leishmania species and time after
infection. Interestingly, we observed that L. major induced higher expression of
scavenger receptors. In addition, this result is related to a 20% higher expression of
MARCO scavenger receptor in L. major-infected macrophages. We also demonstrated
that L. amazonensis infected macrophages express genes of enzymes related to ROI
scavenging such as catalase. These data is related to our previous observation that, in L.
amazonensis-infected cells, there was similar H,O, generation when compared to
control non-infected cells. In summary, these data suggest that CBA macrophages are
able to interact distinctly with L. amazonensis and L. major, supporting the idea that
macrophage is a key cell in the determination of resistance and susceptibility in
Leishmania infection.

Key words: Macrophages, L. amazonensis, L. major, TNF-a,, Gene expression.




1. CAPITULO I - INTRODUCAO

1.1 0O MODELO MURINO DA LEISHMANIOSE

A leishmaniose é uma doenga de amplo espectro causada por diferentes espécies
de Leishmania. As manifesta¢gdes clinicas dessa doenga dependem da espécie de
Leishmania e da resposta imune do hospedeiro. Leishmania major é um dos principais
agentes causadores da leishmaniose cutdnea no Velho Mundo (Peters, 1987) ¢ L.
amazonensis, além de outros, no Novo Mundo (Grimaldi ef al., 1993).

Distintos padrdes de manifestagdes clinicas em pacientes com leishmaniose
cutanea podem serl reproduzidos em diferentes linhagens de camundongos (Behin ez al.,
1979; Mitchell et al., 1981). O modelo murino da infec¢do tem sido utilizado na
elucidagio de mecanismos de resposta imune que levam a resisténcia ou a
susceptibilidade. A infecgdo de camundongos de diferentes linhagens por L. major,
constituiu-se o primeiro modelo in vivo de correlagdo do desenvolvimento de resposta
protetora com a expansdo de células Thl CD4", e de progressio da doenga com o
desenvolvimento da resposta Th2 CD4". Camundongos da linhagem CBA, quando
infectados por L. major, desenvolvem resposta inflamatoria caracteristica de resisténcia,
com infiltragio linfocitaria e macrofagica, formagdo de granulomas, necrose fibrindide e
redugio do nimero de parasitos na lesdo (Lemos de Souza ef al., 2000). Esses mesmos
animais infectados por L. amazonensis apresentam perfil histopatologico semelhante ao
observado nas lesdes de camundongos BALB/c altamente susceptiveis (Andrade ef al.,
1984), com extensas areas de necrose de coagulagdo, infiltrado mononuclear
macrofagico difuso, raros linfocitos e grande carga parasitaria (Lemos de Souza et al.,
2000).

O padréo da resposta imune de camundongos CBA infectados por L. major ou L.

amazonensis correlaciona-se com o perfil morfologico de resposta tecidual. Na infecgdo
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por L. major, esses camundongos apresentam niveis elevados de IFN-y, evidenciando
uma resposta do tipo Thl e, quando infectados por L. amazonensis, produzem niveis
elevados de IL-4, caracterizando uma resposta do tipo Th2. Esse modelo enfatiza o
papel do parasito na determinagdo do tipo de resposta imuno-inflamatoria, pois
camundongos com o mesmo perfil genético sdo resistentes ou susceptiveis a duas

espécies distintas de Leishmania (Lemos de Souza et al., 2000).

1.2 MACROFAGOS E A RESPOSTA IMUNE INATA

A imunidade a microrganismos pode ser agrupada em dois sistemas: imunidade
inata e imunidade adquirida. A imunidade adquirida é mediada por linfocitos T e B,
sendo caracterizada por especificidade e memoria. A imunidade inata é definida como
uma resposta imune ndo especifica e caracterizada pelo rapido reconhecimento de
antigenos, recrutamento e ativagdo de células inflamatoérias, liberagio de mediadores e
moléculas microbicidas efetoras (Fearon et al., 1996). Além disso, ocorre englobamento
e digestdo de microorganismos e de substancias estranhas, por macrofagos e leucocitos.
Estudos tém evidenciado que a imunidade inata apresenta seletividade, sendo capaz de
discriminar entre o proprio e o patdgeno (Aderem et al., 2000; Hoffmann ef al., 1999;
Medzhitov et al., 1997). Além disso, a ativagdo da resposta imune inata é pré-requisito
para estimular a resposta imune adquirida.

Os macréfagos desempenham papel crucial na detecgdo de microorganismos e
apresentam tanto fungSes moduladoras, como efetoras da resposta imune. Durante a
resposta de defesa do hospedeiro & infecgdo, o processo de fagocitose limita a
disseminag#o inicial do crescimento de organismos. Conseqiientemente, 0s mecanismos
de reconhecimento do ndo proprio estdo ligados ao processo de fagocitose e sdo cruciais

na induco de mecanismos imunes dependentes de macréfagos. Receptores na
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superficie dessas células reconhecem moléculas do patégeno, resultando numa cascata
de interagdes intra e intercelulares, que culminam na ativagdo dos macrofagos e na
produgdo de fatores microbicidas. Diferentes tipos de células da resposta imune, tais
como, célula dendritica, células T e células NK participam desse processo.

Leishmania s3o protozoarios que se desenvolvem e completam seu ciclo de vida
predominantemente em macrofagos (Alexander ef al, 1992). O ciclo de vida da
Leishmania compreende duas formas: promastigota movel, que se desenvolve no
intestino do inseto vetor, e amastigota, que se desenvolve no interior de fagocitos
mononucleares do hospedeiro vertebrado. Ao penetrarem nos macrofagos, as
promastigotas se transformam em amastigotas, que vivem e se multiplicam em
compartimentos fagolisossomais (Alexander et al., 1992).

Ha evidéncias de que a resposta a infec¢do por Leishmania € determinada por
eventos da resposta imune inata, que ocorrem nos primeiros dias de infecg¢@o, antes da
diferenciagdo da resposta Thl ou Th2 (Chatelain et al., 1992; Sypek et al., 1993).
Manipulagdes com o objetivo de reverter a resposta imune sdo eficazes somente se
realizadas durante a primeira semana de infecgdo. Tratamento com anti-IL-4 (Sadick et
al., 1990) ou administragdo de IL-12 (Sypek et al., 1993) durante a primeira semana de
infecgdio permite que camundongos BALB/c, uma linhagem altamente susceptivel,
desenvolvam a cura da infecg@o.

Macrofagos desempenham um papel importante no controle da infecgdo por
Leishmania, atuando nas fases indutora e efetora da resposta imune. Macréfagos, além
de serem as principais células hospedeiras do parasito, sdo células apresentadoras de
antigenos para linfocitos T especificos. Além disso, podem liberar citocinas associadas
a resposta Th1 (IL-12, TNF-o) ou Th2 (IL-10, TGF-B) (Wang et al., 1994). O controle

da infecgdo ¢ dependente da capacidade dos macrofagos em destruir parasitos
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intracelulares (Behin et al., 1979; Nacy et al., 1983) por mecanismos dependentes de
NO (Green et al., 1990; Liew et al., 1990). Foi demonstrado que macrofagos peritoneais
de camundongos resistentes apresentam maior capacidade de inibigéo da proliferagio de
amastigotas de L. major comparados aqueles macrofagos de camundongos susceptiveis
(Handman ef al., 1979; Mauel et al., 1987). Além disto, macréfagos de camundongos
susceptiveis infectados com L. major, comparados a macrofagos de uma linhagem de
camundongos resistentes, s30 menos sensiveis a ativagdo por citocinas derivadas de

células T (Nacy et al., 1983).

1.3 RECONHECIMENTO E FAGOCITOSE

Durante a resposta imune inata, o reconhecimento de diferentes patogenos €
mediada, em parte, por uma série de pattern-recognition receptors (PRRs). Macrofagos
e células dendriticas expressam uma variedade de PRRs envolvidos no reconhecimento
e indugdo da resposta imune adquirida. Esses receptores reconhecem distintos padroes
bioquimicos de moléculas de diversos parasitos invasores ¢ compdem um grupo de
receptores com especificidade geneticamente determinada, que € altamente conservado
entre os diferentes organismos. As proteinas envolvidas no reconhecimento de
microbios incluem o receptor manose, os receptores scavenger (SRs), CD14 e
receptores do tipo toll-like (TLRs).

Os SRs fazem parte de uma familia de proteinas com multiplos dominios
transmembranares, envolvida na endocitose mediada por receptor de ligantes
polianiénicos, incluindo LDL (low-density lipoproteins) (Krieger, 1997). O papel dos
SRs tem sido bem estudado na patogénese da arteriosclerose, evidenciando-se que SRs
classe A, MARCO (Macrophage Receptor with Collagenous Structure) e SRs classe B

tém papel importante na imunidade inata e regulag@o da resposta de macrofagos.
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Membros da familia dos SRs estdo envolvidos na ligagdo e internalizagéio de
microbios. Receptores scavengers A s@o expressos na maioria dos macrofagos e
| interagem com bactérias e componentes da parede celular, como LPS (Dunne et al.,
1994; Hughes ef al., 1995). Macrofagos deficientes em SR-A sio menos eficientes na
fagocitose de bactérias mortas pelo calor (Peiser ef al., 2000; Thomas et al., 2000).
Camundongos SR-A™ sio mais susceptiveis a bactérias gram-positivas, tais como
Listeria monocytogenes e Staphylococccus aureus, do que camundongos selvagens
(Suzuki et al., 1997, Thomas et al., 2000). Esses dados evidenciam os papéis de SR-A
como PRR e como protetor contra infecgdes bacterianas.

MARCO, distinto membro da classe A dos SRs, com estrutura colagenosa e
dominio SRCR (Scavenger Receptor Cystein-Rich), participa da fagocitose de
microbios. MARCO é normalmente expresso em sub-populagdes de macrofagos, como
os da zona marginal do bago e em macrofagos peritoneais inflamatérios (Peiser et al.,
2002). Esse SR interage com uma variedade de particulas, incluindo bactérias gram-
positivas e gram-negativas, e particulas artificiais, como bolas de latex. Anticorpos anti-
MARCO bloqueiam a internaliza¢@o das particulas alvo (Palecanda ef al., 1999; van der
Laan et al., 1999).

A expressio de MARCO em macrdfagos da zona marginal do bago sugere seu
papel na fagocitose e na captura de antigenos provenientes da corrente sanguinea
(Elomaa ef al., 1998). Macrofagos da zona marginal do bago estdo também envolvidos
na apresentac¢@o de antigenos e na indugio da resposta imune adquirida. Estudos in vivo
mostraram que a depuragfo inicial de Escherichia coli e S. aureus ndo é dependente de
MARCO, pois néo é afetada por anticorpo anti-MARCO (van der Laan ef al., 1999).
Entretanto, apés 30 minutos da injecio intravenosa desses anticorpos, observa-se

captura de uma quantidade menor de micrébios por macréfagos da zona marginal, o que
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evidencia que MARCO pode ser induzido em resposta a infecgBes bacterianas,
sugerindo um papel importante na resposta imune inata contra patbgenos.

O papel de MARCO ainda ndo foi estudado na resposta a infec¢do com
Leishmania. Entretanto, outros PRRs, como o receptor TLR, parecem estar envolvidos.
Em macrofagos de camundongos knockout para TLR2 ou TLR4, foi evidenciado o
papel essencial de TLR2, porém nio TLR4, na indugfo de IL-12, TNF-ao ¢ NO em
macro6fagos murinos ativados por produtos derivados de protozoarios como &ncora GPI
(glycosylphosphatidylinositol) e GIPLs (glycoinositolphospholipids) (Campos et al.,
2001). Estudos recentes evidenciaram a participagdo de TLR4 no controle da
prolifera¢do de L. major in vivo, tanto na resposta imune inata, como na resposta imune
adquirida. O controle da replicagdo do parasito se correlaciona com a indug@o inicial de
iNOS em camundongos que expressam TLR4, enquanto que o aumento da
sobrevivéncia do parasito em células de animais deficientes de TLR4 se correlaciona
com o aumento da atividade da enzima arginase (Kropf ez al., 2004).

Alguns receptores e ligantes estdo envolvidos na interagdo promastigotas e
macrofagos. Receptores para o complemento aparentemente desempenham papel
principal no reconhecimento de diferentes espécies de Leishmania. Moléculas de
superficie de Leishmania como LPG e gp63 protegem o parasito da lise do
complemento (Puentes ef al., 1990) e estdo envolvidas na interagdo do parasito com o
macrofago (Davies ef al., 1990; Kelleher et al, 1995; Pimenta et al., 1991). A
opsonizagdo C3b e C3bi (Brittingham et al., 1995) medeia a interagdo de Leishmania
com o macrofago por receptores do complemento CR1 e CR3, respectivamente
(Blackwell et al., 1985; Cooper et al., 1988; Da Silva et al., 1989; Mosser et al., 1984,
Mosser et al., 1985; Mosser et al., 1992). Entretanto, existem evidéncias de que LPG

pode interagir diretamente com CR3 (Talamas-Rohana et al., 1990).
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Outros receptores estdo envolvidos na fagocitose de Leishmania. O receptor para
fibronectina pode reconhecer a molécula gp63 na superficie de Leishmania (Brittingham
et al., 1999; Rizvi et al., 1988). Além disso, receptor manose-fucose (Channon et al.,
1984; Russell et al., 1986; Wilson et al., 1986), CR4 (Talamas-Rohana et al., 1990),
receptor Fc (Chang, 1981; Russell ef al., 1989), receptor para advanced glycosylation
end-products (Mosser et al., 1987) e receptor para proteina C reativa participam da
fagocitose de promastigotas de Leishmania (Culley et al., 1996). O envolvimento de
varios receptores na fagocitose da forma promastigota favorece sua internalizagéo pelo

macrofago.

1.4 MECANISMOS DE DESTRUICAO DE LEISHMANIA POR
MACROFAGOS

A fagocitose € seguida por um aumento no consumo de oxigénio por células
fagociticas. Foi demonstrada uma correlagio entre explosdo respiratéria e formagdo de
radicais intermediarios do oxigénio (ROI) (Stafford et al., 2002), que sdo importantes
moléculas microbicidas produzidas por células fagociticas, como macréfagos e
neutrofilos (Dinauer, 1993; Segal, 1996). O complexo de enzimas responsavel pela
indugdo da explosdo respiratéria é conhecido como oxidase da explosdo respiratdria ou
oxidase NADPH (phox). Esse complexo enzimatico se associa & superficie interna da
membrana plasmatica, apos estimula¢io apropriada sendo constituido por pelo menos
cinco subunidades protéicas: duas proteinas, gp91 (glycoprotein of 91 KDa) phox e p22
(nonglycosylated protein of 22 KDa) phox, que compdem o citocromo da membrana
(Parkos et al., 1987; Parkos et al., 1988; Segal, 1987), e trés proteinas citosolicas, p40
(Protein of 40 KDa) phox, p47 (Phosphoprotein of 47 KDa) phox e p67 (Protein of 67

KDa) phox (Nunoi ef al., 1988; Tsunawaki et al., 1994; Tsunawaki ef al., 2000; Volpp
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et al., 1988). As proteinas citoplasmaticas existem como um complexo citosélico (Park
et al., 1994; Park et al., 1992) sendo recrutadas para regides da membrana plasmatica
onde se encontra o citocromo apos estimulo apropriado (Nauseef ef al., 1991; Park et
al., 1999; Park et al., 1995; Park et al., 1992)

O recrutamento dos componentes citosolicos é mediado pela fosforilagdo de
multiplos residuos de tirosina e serina na p47phox e p67phox. Depois da associagdo
com os componentes da membrana, outras cinases podem fosforilar sitios distintos de
proteinas derivadas do citoplasma (Finan e al., 1994; Inanami ef al., 1998). As cinases
conhecidas como ativadoras da explosdo respiratéria incluem varias isoformas de PKC
(protein kinase C), PKA (protein kinase A) e MAPK (mitogen-activated protein
kinases). A proteina de 47kD citosolica é diretamente fosforilada por p38, ERK
(extracellular-signal regulated protein kinase) e caseina cinase II. Entretanto, a
fosforilagio de p47phox por caseina cinase II medeia a desativagdo da oxidase,
demonstrando que a fosforilagdo pode ativar ou desativar a explosdo respiratoria.

NADPH atua como a origem do potencial redutor para conversdo do oxigénio
molecular em anion superoxido (O%). A produgio de superéxido resulta em geragdo
espontdnea ou enzimatica de produtos reativos do oxigénio, incluindo H;0,, radical
hidroxila, acido hipocloroso e peroxinitrito. Peréxido de hidrogénio pode ser formado
espontaneamente ou pela agdo da enzima superoxido dismutase. O acido hipocloroso €
formado em fagolisossomas acidos pela reagdo de ions cloreto com perdxido de
hidrogénio em decorréncia da a¢do da mieloperoxidase. Peroxinitrito ¢ formado pela
reagdo espontanea de superéxido com NO produzido pela iNOS.

No modelo murino da infecgdo por Leishmania, a ativagdo de macréfagos por
citocinas leva a produg@o de ROI e reativos intermediarios do nitrogénio (RNI), que sdo

responsaveis pela atividade leishmanicida (James, 1995). Durante a fagocitose de
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promastigotas, macrofagos podem liberar radicais, incluindo superéxido, H,O; e OH,
que siio moléculas microbicidas (Murray et al., 1983; Pearson et al., 1983). Uma vez
estabelecida a infecgdo por amastigota, a produgiio de NO por macrofagos pode levar a
destrui¢do do parasito (Green et al., 1990; James, 1995; Wei et al., 1995).

O mecanismo de destrui¢do ndo € especifico para cada estagio do parasito, mas é
caracteristico do processo de fagocitose. Promastigotas e amastigotas sdo igualmente
susceptiveis a ROI (Miller et al., 2000; Murray, 1982; Zarley et al, 1991), mas a
explosdo respiratoria induzida por amastigotas é significativamente menor do que a
induzida na fagocitose de promastigotas (Channon et al., 1984; Haidaris et al., 1982).
Essas diferengas estio relacionadas a interagdo de moléculas de superficie de
Leishmania com receptores de macréfagos (Channon et al, 1984). Promastigotas
podem ser reconhecidas por receptor manose fucose presentes nessas células, o que
levaria & indugdo de explosdo respiratoria, ao passo que a fagocitose de amastigotas, ndo
envolve esse receptor (Channon et al., 1984).

O uso de inibidores especificos da atividade de iNOS (como LNMA), de
citocinas que inibem a produgio de NO (como TGF-f e IL-10) (Barral-Netto ef al.,
1992; Chatelain et al., 1999; Liew et al., 1991; Nelson ef al., 1991; Vieth et al., 1994),
ou, ainda, o uso de camundongos knockout para iNOS (Murray et al., 1999; Wei et al.,
1995) evidenciam o papel desta molécula na destruigio de Leishmania. Camundongos
infectados com L. major e tratados com inibidores de iNOS apresentam aumento da
carga parasitaria, desenvolvimento de lesdes e inibigdo da destrui¢do intracelular dos
parasitos (Liew ef al, 1990). Embora ROI e RNI contribuam para a destruigio de
Leishmania, apenas a produgdo de RNI € essencial para a resolugdo da infecgdo. A
contribuigio de ROI parece ser necessiria apenas nos estigios inicias da infecgéio

(Murray et al., 1999).
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Além do efeito leishmanicida do NO, esta molécula desempenha um papel
regulador durante a resposta imune a Leishmania. Na auséncia de NO derivado de
iNOS, IL-12 foi incapaz de prevenir o crescimento de parasitos, néo houve ativagdo de
células NK para liberagio de IFN-y e ndo houve, também, fosforilacio de STAT-4, que
¢ indutor importante da produgdo de IL-12, em células NK (Diefenbach et al., 1999).
Durante os estagios iniciais da infecgo, macrofagos ativados liberam IFN-o/f e seu
efeito autocrino estimula a liberagdo de niveis baixos de NO (Diefenbach et al., 1999).
Esses niveis baixos de NO sdo insuficientes para a destruicdo do parasito, mas
desempenham papel crucial na modulagio da ativagdo de células NK mediada por IL-
12. Em conseqiiéncia, ha a secre¢io de IFN-y por células NK, que vai induzir a
produgdo de iNOS por macréfagos e liberagdo de grandes quantidades de NO envolvido
na destruicdo do parasito (Diefenbach et al., 1999). Esses dados sugerem que a
produgéo precoce de baixos niveis de NO é pré-requisito para a sinalizagg@o de citocinas
e desenvolvimento da resposta imune inata.

Enquanto iNOS catalisa a convers3o de L- arginina em NO e citrulina, a enzima
arginase hidrolisa a arginina em ornitina e uréia. Em estudos anteriores, foi demonstrado
que o balango entre as duas enzimas € regulado competitivamente por citocinas
secretadas por células Thl e Th2: células Thl induzem iNOS e Th2 induzem arginase I
(Corraliza ef al., 1995, Modolell et al., 1995). Citocinas, como IL-4, IL-10 e TGF-f,
aumentam a atividade de arginase I, que induz o crescimento de L. major em
macréfagos (Iniesta ef al., 2001; Iniesta et al, 2002) devido a sintese, a partir de
ornitina, de poliaminas essenciais a replicagdo de protozoarios, tais como Leishmania

(Iniesta et al., 2002).
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1.5 BIOGENESE DO VACUOLO PARASITOFORO

A morfologia e a maturagdo de compartimentos contendo o parasito, conhecidos
como vactolos parasitoforos (VPs), variam, dependendo da espécie de Leishmania . Os
grandes vactolos contendo L. amazonensis ou L mexicana sio bem diferentes dos
vactiolos menores individuais contendo L. major ou L. donovani. A despeito das
diferengas morfologicas entre esses compartimentos, algumas propriedades sdo comuns
(Antoine et al., 1998). Os VPs sdo compartimentos acidos e contém enzimas
lisossomais. Eles apresentam marcadores de endossoma tardio e lisossoma, incluindo
rab 7, macrosialina, LAMP-1, LAMP-2 e ATPase vacuolar.

A cinética de formagdo do VP pode diferir de acordo com o estagio do parasito
internalizado (Dermine et al., 2000; Desjardins et al., 1997). Foi demonstrado que,
depois da fagocitose de promastigotas de L. donovani, os parasitos se localizam em
fagossomos transitorios com pouca capacidade de fusdo com endossomas tardios
(Desjardins et al., 1997). Em contrapartida, depois da internaliza¢@o, amastigotas sdo
encontradas em compartimentos que rapidamente se fusionam com compartimentos
tardios da via endocitica (Dermine et al., 2000, Lang et al., 1994). Esses aspectos
distintos de fagossomas primarios estdo relacionados com expressdo estagio-especifica
de LPG na membrana de promastigotas, o que modifica a capacidade de fusdo dessas
organelas (Dermine ef al., 2000; Desjardins et al., 1997; Schaible et al., 1999). Além
disso, estudos mostraram que fagossoma contendo LPG de promastigotas impede
recrutamento de GTPase rab7, a qual estd envolvida com a fusdo homotipica de
endossomas tardios ou lisossomas e com a fusdo heterotipica de endossomas tardios
com lisossoma (Scianimanico et al., 1999). Outros estudos evidenciaram, ainda, que

fagossomas primarios contendo promastigotas ou amastigotas de L. amazonensis ou
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promastigotas de L. major rapidamente adquirem capacidade de se fundir com

endossomas tardios/lisossomas (Courret ef al., 2002).

1.6 SINALIZACAO INTRACELULAR

Alguns estudos tém demonstrado que a infecgdo por Leishmania interfere em
vias de sinalizagdo intracelular do hospedeiro, facilitando sua invasio e sua
sobrevivéncia (Reiner et al., 1994). A inibigdo de cascatas de sinalizagdo dependentes
da fosforilagdo de tirosina parece uma importante estratégia do parasito para a inibi¢do
da ativagdo de macréfagos (Stafford er al., 2002). Macrofagos infectados por L.
donovani apresentaram redugdo significativa da fosforilagdo e da atividade de PKC
(Olivier et al., 1992). Além disso, em macrofagos murinos infectados por L. donovani,
ocortre inibi¢do da expressdo de c-fos, induzida por PKC, embora a expresséo de c-fos
mediada por PKA n3o seja afetada (Moore et al., 1993).

MAPK sdo alvos de PKC (Seger ef al., 1992), indicando que, provavelmente,
sdo enzimas inibidas em células infectadas por Leishmania. MAPKI1 e 2 sdo
responsaveis pela regulagdo da expressdo génica em resposta a varios estimulos, tais
como fatores de crescimento, citocinas e horménios que influenciam a proliferagéo
celular, a diferenciagdo e outras fun¢des (Blenis, 1993; Pelech er al, 1992). A
fosforilagdo em residuos de tirosina e treonina € essencial para a ativagdo de MAPK
(Payne et al, 1991). Devido ao amplo efeito das MAPK, suas atividades sdo
controladas por uma familia de fosfatases que desfosforilam residuos de tirosina e
treonina nessas moléculas inativando-as (Hunter, 1995). O dominio homélogo a Src 2
da tirosina fosfatase (SHP-1) estd envolvido na desativagio de MAPK via
desfosforilagido de residuos de tirosina (Knutson et al, 19998). Estudos demonstraram

que outra via de sinalizagdo alterada por L. domnovani é a ativagdo de fosfotirosinas
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fosfatases que atenua a sinalizagdo MAPK, c-fos e expressdo de iNOS, e, assim,

desativa macréfagos durante a infecgdo intracelular (N andan et al., 1999).

1.7 PRODUCAO DE CITOCINAS E QUIMIOCINAS

Macrofagos produzem citocinas importantes para sua autoregulagio via efeito
autocrino, e para modulagdo da resposta imune adquirida. Estudos in vifro mostraram
que TNF-o. aumenta a atividade leishmanicida de macrofagos (Mannheimer et al.,
1996). Similarmente, MIF desempenha um papel protetor na infec¢@o por L. major, in
vitro e in vivo, possivelmente, por induzir produgdo de NO (Juttner et al., 1998; Xu et
al., 1998). Além disso, estudos mostraram que IFN-a/f e iNOS sdo reguladores da
resposta imune inata na infecgdo por L. major (Diefenbach et al, 1998). Outras
citocinas derivadas de macrofagos, como IL-6, IL-10 e TGF-f, desativam a capacidade
leishmanicida dessas células.

A indugdo da imunidade protetora contra leishmaniose esta relacionada a
produgio de IL-12 (Afonso et al, 1993; Heinzel et al., 1993; Liew et al., 1993,
Scharton-Kersten et al., 1995; Sypek et al., 1993). IL-12 é uma citocina produzida por
macrofagos que dirige a resposta Th1 CD4"e induz a produgio de IFN-y por células NK
e células T. Entretanto, estudos mostraram que promastigotas metaciclicas de
Leishmania sfo importantes inibidoras de produgio de IL-12 por macréfagos in vitro
(Carrera et al., 1996, Piedrafita et al., 1999, Sartori et al., 1997) e in vivo (Belkaid et al.,
1998; Reiner et al., 1994). Estudos mostraram que LPG de L. major regula a sintese de
IL-12 em células J774. Além disso, a infec¢do in vitro de macréfagos murinos com
amastigotas de L. mexicana resulta na supressdo prolongada da produgio de IL-12.
Existem evidéncias que células dendriticas sdo as principais produtoras de IL-12 (Gorak

et al., 1998), entretanto apenas macrofagos tém a capacidade de iniciar a resposta imune
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inflamatoria contra agentes infecciosos, produzindo TNF-o, IL-8 e IL-1B, além de

moléculas microbicidas efetoras.

TNF-a é uma citocina importante que medeia a destruigdo de parasito, pois 0
tratamento de camundongos infectados com TNF-o recombinante leva a redugdo da lesdo
(Titus ef al., 1989), enquanto que a adi¢do de anticorpo anti-TNF-o exacerba a doenga
(Liew et al., 1990). Além disso, outros estudos sugeriram que a produgio de altos niveis
de NO e destruicdo de diferentes parasitos intracelulares por macréfagos estimulados por

IFN-y, depende de TNF-o (James, 1995).

IL-10 tem um efeito inibidor das fun¢des de macrofagos, incluindo a redugédo da
expressdo de moléculas coestimulatorias e inibigdo da sintese de citocinas (Moore ef al.,
1993). Estudos mostraram que camundongos transgénicos para IL-10 s@o susceptiveis a
infecgdo por L. major, a despeito da produgdo de IFN-y (Groux et al., 1999). Esses ¢
outros estudos apontam para um papel importante de IL-10 na regulagdo da resposta
imune a Leishmania, enfatizando a importancia desta citocina na susceptibilidade a
infec¢do com esses parasitos. Estudos recentes mostraram que IL-10 esté relacionada a
persisténcia de Leishmania em lesdes curadas de camundongos C57BL/6, ja que a
eliminagdo completa do parasito s6 ocorre nos animais tratados com anticorpos anti-
receptor de IL-10 (Belkaid et al., 2001). Por outro lado, camundongos CBA infectados
por L. major ou L. amazonensis apresentam produgdo similar de IL-10, sugerindo que
esta citocina tem um duplo papel na resposta imune contra Leishmania: no contexto da
susceptibilidade, favorece uma resposta Th2; na resisténcia, modula a resposta Thl
(Lemos de Souza et al., 2000).

TGF- é uma citocina importante na desativagdo de macrofagos (Ding ef al.,

1990; Tsunawaki et al., 1988). Esse efeito inibitério esta relacionado com a supressdo
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de IL-12 (Kima et al., 1996) e com a inibigdo da produgdo de NO mediada por IFN-y

(Lopez et al., 1993). Outros estudos mostraram o papel do TGF-f na exacerbagdo da
lesdo causada por L. braziliensis e L. amazonensis (Barral et al., 1995).

A vparticipagdo de IL-1B e GM-CSF na infec¢do por Leishmania ainda €
controverso. Alguns estudos in vitro e in vivo indicaram que IL-1B e GM-CSF
aumentam a atividade leishmanicida de macrofagos e desempenham papel protetor na
leishmaniose (Al-Zamel et al., 1996, Hatzigeorgiou ef al., 1993; Satoskar ef al., 1998).
Foi demonstrado que o balango da expressdo de IL-1 e receptor para IL-1 esta
relacionado com o controle da progressdo da infec¢do por L. major em camundongos
resistentes (Ji et al., 2003). Por outro lado, outros estudos mostraram que essas citocinas
tém um papel ndo protetor (Liew et al., 1993; Theodos et al., 1994).

Muitos estudos enfatizam o papel, tanto de citocinas, como de quimiocinas, na
resposta inicial a infecgdo por L. major (Scott, 1991; Vester et al., 1999). E conhecido
que ligantes de CCRS (CCL3/MIP-la, CCL4/MIP18 e CCLS5/RANTES) estdo
envolvidos no desenvolvimento de células Thl, enquanto que ligantes de CCR2
(CCL2/MCP-1 ¢ MCP-2), promovem diferenciagdo de células Th2 (Bonecchi et al.,
1998; Gu et al., 2000).

Quimiocinas atuam, também, nas fung¢des efetoras de células T e podem agir
diretamente sobre macrofagos (Gerard ef al., 2001). Foi demonstrado que, na infecgédo
por L. major, as quimiocinas XCL1, CXCL10 e CCL2 foram preferencialmente
expressas em linfonodos de drenagem de camundongos resistentes (Zaph et al., 2003).
Além disso, a neutralizagdo de IL-12 ou IFN-y resultou no decréscimo da expressdo de
quimiocinas em camundongos capazes de controlar a infecgdo, ao passo que a
administragio de IL-12 em camundongos susceptiveis resultou em aumento da

expressdo de genes para quimiocinas (Zaph ef al., 2003). Esses dados mostram uma
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relagiio entre a expressio de XCL1, CXCL10, CCL2 e mediadores da resisténcia a L.
major.

Também foi demonstrado que CCL-3/MIP-1a. ¢ CCL2/MCP-1 participam na
induciio da atividade leishmanicida de macrofagos murinos. Esse mecanismo de
destruicdo se da via producdo de NO (Bhattacharyya et al., 2002). Paralelamente
CCL2/MCP-1 atua sinergicamente com IFN-y, ativando monécitos humanos para a
destruigdo intracelular de L. major (Ritter et al., 2000).

Estudos recentes mostraram que, em tecidos da pata e linfonodo de drenagem de
camundongos infectados com L. amazonensis, houve baixa expressdo de citocinas
inflamatérias (IL-12, IFN-y, IL-la e IL-1f8), CC quimiocinas (CCL3/MIP-la,
CCL4/MIP-1B, CCL5/RANTES e MIP-2) e receptores para quimiocinas (CCR1, CCR2,
CCRS5), comparada & expressdo em camundongos controles infectados com L. major (Ji
et al., 2003). Esses dados indicam que L. amazonensis escapa da resposta imune do
hospedeiro por inibir a produgfio de citocinas inflamatorias e quimiocinas, impedindo o
desenvolvimento de uma resposta Thl.

Foi demonstrado que a infec¢do de macréfagos murinos com promastigotas de
L. major in vitro, induz a expressdo transitoria de algumas CC quimiocinas (Matte and
Olivier 2002). L. major também induz a produgdio de citocinas proinflamatoérias,
incluindo TNF-a por queratinécitos e IL-1B por células de Langerhans (Arnoldi ef al.,
1998; Luster, 2002). Essas citocinas, por sua vez, induzem a produgiio de outros
mediadores, incluindo as quimiocinas (Ohmori et al., 1993). Portanto, a interagéo
funcional entre quimiocinas e citocinas parece critica no desenvolvimento da resposta

imune efetora (Luster, 2002; Tapia et al., 1994).
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1.8 DNAMICROARRAY E O ESTUDO DA INTERACAO PARASITO-CELULA
HOSPEDEIRA

A tecnologia do DNAmicroarray, recentemente desenvolvida, vem sendo
utilizada para analisar a expressdo simultinea de genes em larga escala. O padriio da
expressdo de um gene fornece informagdo indireta sobre sua fungdo e sobre as vias
metabélicas com as quais o seu produto esta envolvido. E uma técnica com uma grande
variedade de aplicagdes. Uma das mais atraentes aplicagdes do DNAmicroarray
compreende o estudo do padriio da expressio de genes associados a doengas. Essa
tecnologia, associada com os resultados dos sequenciamentos dos diversos genomas,
permite a analise da expressdo génica completa de um organismo durante o seu
desenvolvimento natural ou no curso de uma resposta fisiologica especifica. Essa
metodologia ¢ uma ferramenta pratica e econdmica para o estudo da expresséo génica
em larga escala (Chee ef al., 1996; DeRisi et al., 1997, Lashkari et al., 1997; Lockhart
et al., 1996), explorando o genoma de forma sistematica e compreensiva (DeRisi et al.,
1997; Lashkari et al., 1997, Lockhart et al., 1996; Pease et al., 1994; Schena et al.,
1995). Além disso, a genOmica comparativa abre a possibilidade de se verificar o
padrido de expressio de genes conhecidos, e de se detectar seqiiéncias desconhecidas
que podem ser importantes na resposta celular.

No contexto da infecgdo por Leishmania, sabe-se que macréfagos murinos
podem ser ativados, levando a destruigdo do microorganismo. Por outro lado, esses
protozoarios podem suprimir e escapar da resposta intracelular do hospedeiro. Esses
dados refletem que parasitos intracelulares influenciam a expressio de genes
relacionados a atividade microbicida de macrofagos. Matlashewski and Buates (2001)
avaliaram a expressdo génica em macrofagos infectados por L. donovani e mostraram
que cerca de 37% dos genes analisados foram inibidos em relagdo a macrofagos ndo

infectados (Buates ef al., 2001). Entretanto, outro estudo, analisando a expressio de
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12.000 genes em células dendriticas e macrofagos infectados por L. major ou L.
donovani, demonstrou que houve nimero similar de genes inibidos ou ativados no
tempo de avaliagio do experimento, evidenciando que nfo existe uma supressdo geral
da expressio génica em macrofagos humanos (Chaussabel ef al., 2003). Outros dados
recentes mostraram inibi¢do da expressao de genes proinflamatorios e ativagdo de genes
envolvidos na resposta antiinflamatéria em macrofagos infectados por L. chagasi
(Rodriguez et al., 2004). Todos esses estudos acima indicam que a utilizagdo dessa
técnica pode ter importantes implicagdes para o entendimento da interagdo parasito-
célula hospedeira e sua repercussdo no contexto da resposta imune inata e natureza da

regulacio génica.
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2. OBJETIVO GERAL
Investigar mecanismos celulares e moleculares envolvidos na determinagdo dos
diferentes perfis de resposta de macrofagos de camundongos CBA infectados, in vitro,

por L. amazonensis ou L. major.

Hipotese

L. amazonensis e L. major influenciam a resposta imune efetora, por mecanismos de

ativagdo ou inibigdo de macrofagos.

3. OBJETIVOS ESPECIFICOS

1- Comparar a cinética de infecgdo in vitro de macrofagos inflamatorios de

camundongos CBA por L. major ou L. amazonensis.

2- Comparar o perfil de produgdo das citocinas e moléculas microbicidas em
macrofagos inflamatorios de camundongos CBA infectados in vitro por L. amazonensis

ou L. major.

3- Avaliar o papel do TNF-a na ativagdo de macrofagos infectados por L. amazonensis

ou L. major.

4- Avaliar comparativamente a maturagdo de compartimentos contendo L. amazonensis

ou L. major em macrofagos de CBA.

5- Estudar comparativamente os genes expressos ou inibidos em macrofagos de

camundongos CBA n@o infectados ou infectados por L. amazonensis ou L. major.
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6- Identificar vias metabolicas ativadas ou inibidas em resposta a infecgdo com

diferentes espécies de Leishmania.

7- Avaliar comparativamente a expressao in vitro e in vivo do receptor MARCO na

infec¢do por L. amazonensis ou L. major.
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4. CAPITULO II - DIFERENTES PROPRIEDADES DE FAGOCITOS
MONONUCLEARES INFLAMATORIOS DE CAMUNDONGOS CBA/J SAO
ESTIMULADAS POR DUAS ESPECIES DE LEISHMANIA

4.1 INTRODUCAO

Camundongos da linhagem CBA, conhecidos por serem resistentes a L. major
sdo susceptiveis 4 L. amazonensis. Sabe-se que os eventos da resposta imune inata s3o
cruciais para a determinagdo da resposta a infecgdo por Leishmania . Os macrofagos
desempenham papel central na leishmaniose (Solbach et al, 1991), pois sio as
principais células hospedeiras de Leishmania , apresentadoras de antigeno a linfocitos T
também atuam como células efetoras na destrui¢do do parasito. No presente trabalho,
avaliamos comparativamente, a infec¢do de macrofagos de camundongos CBA por L.
major e L. amazonensis. Os resultados mostraram que entre 90 minutos e 6 horas apos a
adigdo de promastigotas em fase estacionaria, a proporgdo de macrofagos infectados e o
numero de parasitos por macrofagos foi semelhante em ambos os grupos. Entretanto,
apés o periodo de caga de 24 horas o percentual de células infectadas por L.
amazonensis foi duas vezes maior que o observado na infecgdo por L. major. Essas
diferengas foram mantidas, apos 48 e 72 horas de caga. Esses resultados evidenciam que
os macrofagos de camundongos CBA tém maior capacidade de destruir L. major em
relagdo a L. amazonensis in vitro. Entdo para estudar a contribuicdo de ROI na
destruicdo de Leishmania, avaliamos comparativamente a produgdo de H;O; nos
macrofagos infectados. Essas andlises evidenciaram que células infectadas por L.
amazonensis produzem menor quantidade de H,O, que células infectadas por L. major.

A adigo de IFN-y as culturas reduz significativamente a infec¢do de macrofagos
por L. major, ndo modificando a infec¢do por L. amazonensis embora induza uma

produgdo similar de NO em ambos os casos. Essa redugéo na infecgio por L. major é



32

um mecanismo dependente de TNF-o, uma vez que macrofagos infectados por essa
espécie expressam 2 vezes mais RNAm para TNF-a. do que células infectadas por L.
amazonensis, e a adigdo de anti-TNF-o nas culturas reverteu o efeito induzido pelo
IFN-y. Além disso, a adi¢giio de TNF-a recombinante juntamente com IFN-y reduziu
significativamente o percentual de células infectadas por L amazonensis, contudo numa
proporgao inferior & observada na infecgio por L. major. A despeito da producdo de NO
em células tratadas com IFN-y juntamente com TNF-a, a adi¢do de AMG ¢é capaz de
reverter parcialmente a inibi¢io da infecgdo por L. major, ndo tendo efeito algum sobre
a infecgo por L. amazonensis. Esse estudo demonstra que L. amazonensis inativa e
também resiste a mecanismos de destrui¢do inatos e induzidos por IFN-y, indicando que
a espécie do parasito e sua interagdo com o macréfago podem ser determinantes da

polarizagéo da fesposta imune do hospedeiro.
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Abstract

While CBA/J mice fail to be permissive to Leishmania amazonensis-driven pathogenic processes, they heal easily following Leishmania
major infection. The early-phase events are crucial to the outcome of Leishmania infection and it is known that macrophages (M¢) are
important in infection control. In the present study we investigated the role of M¢ in driving CBA/J susceptibility to L. amazonensis. We
performed kinetic studies and compared the capacity of L. amazonensis and L. major to infect M¢. There was no difference in percentages of
infection or parasite burden for 6 h between the two groups. In contrast, after 12 h we observed that infection was about twice as high in L.
amazonensis- than in L. major-infected M¢. In addition, rIFN-y added to the cultures induced nitric oxide (NO) production, and did not modify
L. amazonensis infection, although the percentage of L. major infection was significantly reduced. This reduction in L. major infection is a
TNF-o dependent mechanism as L. major-infected M¢ expressed twice as much TNF-o mRNA as L. amazonensis-infected cells, and
anti-TNF-0. reversed the IFN-y effect. Moreover, rTNF-a plus IFN-y were able to significantly reduce the percentage of L. amazonensis-
infected cells but not to the same extent as in L. major infection. Despite having higher NO production than IFN-y-treated cells, AMG addition
to IFN-y-plus TNF-a-treated cells only partially reversed the inhibition in L. major, but not in L. amazonensis infection. Thus, in this study,
we demonstrated that L. amazonensis both inactivated and resisted innate and IFN-y-induced M¢ killing mechanisms, indicating that the
nature of the parasite and its interaction with M¢ could determine immune response polarization.
© 2003 Editions scientifiques et médicales Elsevier SAS. All rights reserved.

Keywords: Macrophages; CBA/J mice; L. amazonensis

1. Introduction Most studies have been performed comparing strains of mice
idiad . of different genetic backgrounds that are susceptible or resis-
CENISDONES: % &3y of diseases caused by the tant to L. major infection [3-5]. Resistance and susceptibility
trypanosomatidae Leishmania sp. affecting about 2 million to infection depend on the development of specific CD4+ T
:de:g}e il I:f:lma, Asx?, ?;’Uﬁ; America anfi the helper (Th)-1 or Th-2 responses, respectively [6]. We have
. 1terran.ean . . 3ts evelopment manifests recently developed an in vivo mouse model and demon-
elther.as visceral or cutaneous _dlsease.s, " well as puy strated that while CBA/J mice fail to acquire L. amazonensis
tomatic processes. Cutaneous leishmaniasis is causedmainly ;¢ otion, they recover following infection with . major [7].
by L. major in the Old World [1] and L. amazonensis and These results emphasize the importance of parasites in driv-
L. (Viantu'a) brazi{ienstlv in the New World [2]. ing the host immune response. L. bt tdasad T
E:fpenme-nml leishmaniasis has‘been widely used to c.har- sions showing a monomorphic infiltrate of highly itised
acterize the immune response against Leishmania parasites. and large vacuolated macrophages (M$) [7]. Lym] ph node
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tion by L. amazonensis led to interleukin (IL)-4 production
by LN cells from infected mice [7]. The first cellular events,
which could elucidate these differences, are unknown.

There is considerable evidence of the importance of the
innate immune response in the outcome of Leishmania infec-
tion [8-13]. M¢ play an important role against Leishmania,
since they are the principal host cell and they present antigens
to specific Th cells [14,15]. In addition, they produce cyto-
kines which drive Th-1 and Th-2 responses, modulating the
immune responses and influencing intracellular parasite sur-
vival {16]. M¢ produce nitric oxide (NO) and/or oxygen
radicals, which are toxic to intracellular parasites {17-21].
The importance of M¢ in the fate of Leishmania infection has
been demonstrated by studies in vitro using M¢ from mice
with different susceptibilities to infection by Leishmania.
Thus, M¢ from resistant mice inhibit the proliferation of L.
major amastigotes [22,23] and are easily activated by T
cell-derived cytokines [24,25). Furthermore, M¢ from sus-
ceptible mice have an impaired response to signal activation
after L. major infection [26]. In this report we investigated
the role of CBA/J M¢ on the determination of the differences
observed between in vivo L. amazonensis and L. major
infection [7]. We tested whether CBA/J susceptibility to L.
amazonensis infection is related to parasite resistance to M¢
killing mechanisms, or whether L. amazonensis was unable
to induce M¢ activation to kill intracellular amastigotes. We
established an in vitro model to compare the ability of L.
amazonensis and L. major to infect and activate CBA/J M¢ in
vitro. We also presented evidence of whether M¢ from this
mouse strain were activated or not in the presence of IFN-y
and whether they were able to kill L. major, but not L.
amazonensis.

2. Materials and methods
2.1. Mice

Male and female CBA/J mice, 6-12 weeks old, were
provided by the Central Animal Facility of the IQC/FIO-
CRUZ and from the Animal Facility of CPqGM/FIOCRUZ.
These animals were housed under specific-pathogen-free
conditions and fed on commercial ration and water ad libi-
tum.

2.2. Parasites

Promastigotes in stationary phase used in this work were
L. amazonensis (MHOM/Br88/Ba-125) and L. major
(MHOM/RI/-/WR-173) provided by Dr. Aldina Barral, from
the Laboratory of Immunopathology of CPqGM/FIOCRUZ.
Fresh L. amazonensis or L. major promastigotes were de-
rived from isolated amastigotes from LNs of C57BL/6 resis-
tant mice, resuspended in Novy-Nicolle-MacNeal blood agar
and then transferred to total LIT plus 10% fetal bovine serum
(FBS) (Cultilab, Campinas, Brazil) for a maximum of six
passages. For M¢ experiments, the promastigotes were ex-

panded for 3-5 d until reaching the stationary phase, washed
with saline, and then adjusted to the desired concentrations,
indicated in the results. According to procyclic form suscep-
tibility to be lysed by complement present in fresh serum, the
percentage of metacyclic forms was determined by incubat-
ing the promastigotes at stationary phase with different con-
centrations of fresh serum for 30 min at 37 °C [27]. Logarith-
mic phase cultures were used as control, and we observed
that all promastigotes were lysed in fresh serum-containing
medium. The number of live parasites in stationary-phase
cultures was counted by optical microscopy, and we obtained
similar amounts of complement-resistant promastigotes in
levels of 50% for both L. amazonensis and L. major station-

ary promastigotes.
2.3. M¢ culture

Thioglycolate-induced peritoneal exudate cells (PEC M¢)
were prepared from the peritoneal cavity of CBA/J mice 34
d after intraperitoneal injection of 2.5 ml 3% thioglycollate
medium (Sigma Chemical, St. Louis, MO). PEC M¢ were
obtained by flushing the peritoneal cavity twice with 10 ml
ice-cold saline plus heparin (20 Ul/ml) and centrifuged at
300 x g for 10 min. The cells were resuspended in DMEM
supplemented with 25 mM HEPES (N-2-hydroxyethylpi-
perazine-N"-2-ethanesulfonic acid) pH 7.4, 2 mM glutamine,
100 UI/ml penicillin, 100 pg/ml streptomycin, 2.0 g/l sodium
bicarbonate plus 10% FBS (Gibco Laboratories) (complete
medium). M¢ (2 x 10° or 1 x 10° per ml) in complete medium
were plated in 24-well culture plates (Costar, Cambridge,
MI) containing or not 13-mm diameter glass coverslips
(Glasstécnica Imp. Sdo Paulo, BR) at 37 °C in 5% CO,/95%
humidified air. After 4 h, non-adherent cells were washed
three times with RPMI-1640 supplemented with 25 mM
HEPES. Afterwards, M$ were incubated in fresh medium
with different stimuli.

2.4. M¢ infection

M¢ were infected with L. amazonensis or L. major pro-
mastigotes in stationary phase, at ratio 10:1. After 90 min, 3,
6 or 12 h, cells were washed and fixed. In some experiments,
cells were washed to remove non-internalized parasites after
12 h of infection, at time zero (0), and reincubated for an
additional 24, 48 and 72 h after infection. The cells were
fixed with methanol or 99.3% ethanol for 10 min and stained
with hematoxilin and eosin. The percentage of infected cells
and the Leishmania number per M were determined by light
microscopy observations (magnification, x1000), and at least
200 M¢ were counted per coverslip.

2.5. Hydrogen peroxide determination

H,0, was measured by the peroxidase-dependent oxida-
tion of phenol red [28]. The 1 x 10° M¢ were plated onto
96-well plates and infected with Leishmania for 30 min as
described above. Extracellular parasites were removed by
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washing and reincubated for an additional 1 h in PBS con-
taining 129 mM CaCl,, 109 mM MgCl,, 555 mM D-glucose,
100 U/ml of peroxidase (Sigma) and 0.56 mM of phenol red
(Sigma). After 1 h at 37 °C in a 5%-CO, atmosphere, the
absorbance of the supernatants was estimated at ODg5q in a
Molecular Device 96-well microplate reader after mixing
with 10 ul of 1 N NaOH per well. H,0, was quantified by
comparison with a standard curve prepared with known con-
centrations of H,O,. Non-infected cells and cells treated with
100 ng/ml phorbol myristate acetate (PMA) served as con-
trol.

2.6. Determination and inhibition of nitrite accumulation

NO,™~ was determined in culture supernatants. Equal vol-
umes of cell culture medium were mixed with Griess re-
agents (1% sulfanilamide, 0.1% naphtylethylenedamine, and
2.5% H;PO,). This mixture was distributed in a 96-well plate
and estimated at ODj,, in a Molecular Device 96-well micro-
plate reader. The standard curve used NaNQ, as a reference,
in concentrations from 1 to 200 uM, and the results were
expressed in uM per number of cells in culture. To inhibit NO
production 100 mM of AMG (aminoguanidine), a competi-
tive inducible NO synthase (iNOS) inhibitor, was added to
the cultures at the same time as IFN-y + TNF-a.

2.7. NO-releasing agents

NO-releasing agent, S-nitroso-N-acetylpenicillamine
(SNAP), was purchased from Calbiochem (La Jolla, CA).
SNAP was dissolved in dimethyl sulfoxide (Sigma) at a
concentration of 100 mM, stored at 20 °C. Cells were
pre-treated every 4 h for 48 h with 100 pM of SNAP in
culture medium.

2.8. Cytokine treatment of Mg

M¢ adhered to glass coverslips were incubated for 12-18
h with 100 Ul/ml of recombinant (r)IFN-y (Pharmingen, San
Diego, CA or R&D system, Minneapolis, MN), in combina-
tion or not with 100 Ul/ml of r tumor necrosis factor
(TNF)-a, kindly provided by Dr. Jeanne Wietzerbin, or
10 ng/ml of r transforming growth factor (TGF)-f (R&D
System) and subsequently infected with L. amazonensis or L.
major stationary-phase promastigotes. In parallel, cells were
infected and treated with r-TNF-a or rTGF-J alone. Afiter 12 h
of infection, cells were washed to remove free parasites and
fresh cytokines were replaced using similar concentrations.
Non-infected M¢ were used as control.

2.9. Neutralization of cytokines produced by infected Mg

M¢ were pre-treated with a combination of 100 Ul/ml of
rIFN-y and 10 pg/ml of anti-TNF-a (R&D System) or nor-
mal goat serum (Sigma), as control, for 12-18 h. Subse-
quently, M¢ were infected with L. amazonensis or L. major
and, at time 0, they were washed to remove non-internalized

parasites, and antibodies were replaced at similar concentra-
tions. After 72 h of infection, the percentage of infected cells
was estimated.

2.10. Cytokine and iNOS mRNA detection

Total mRNA was extracted using Trizol LS reagent.
Complementary DNA (cDNA) was synthesized using Super-
script II reverse transcriptase (Gibco laboratories) at 42 °C
for 55 min. Expression of mRNA was analyzed by reverse
transcriptase-polymerase chain reaction (RT-PCR) for
TNF-a, TGF-B, IL-10 and iNOS. PCRs were performed on a
PT-100 thermal cycler (Perkin-Elmer) in a reaction contain-
ing 2.5 mM PCR nucleotide mix (Roche Molecular Bio-
chemicals), forward and reverse primers (0.5 pmol/pl each),
1x PCR buffer with 1.7 mM MgCl,, 2 ug/pl cDNA and 0.025
U/ul Tag polimerase (Roche Molecular Biochemicals) made
up to 2030 pl with distilled water. The same master mix
containing all reagents was used for each sample. Reaction
conditions were as follows: 94 °C for 5 min, then 35 cycles of
denaturation condition at 95 °C for 1 min, annealing at 60 °C
(TGF-B, TNF-a) or 58 °C (iNOS) or 55 °C (IL-10) for 2 min,
and polymerization at 72 °C for 1 min, followed by a final
extension at 72 °C for 10 min. PCR products were resolved
by agarose gel electrophoresis (1.6% gel) and stained with
ethidium bromide.

Primer sequences were as follows: TGF-B sense, 5°’-
CCAGATCCTGTCCAAACTAAGG-3’; TGF-P antisense,
5’-GAATCGAAAGCCCTGTATTCC-3’; TNF-a sense, 5°-
ATGCACCACCATCAAGGACT-3’; TNF-a antisense, 5'-
GCAAAAGAGGAGGCAACAAG-3’; IL-10 sense S5’-
AGAAAAGAGAGCTCCATCATGC-3’; IL-10 antisense,
5’-AATCACTCTTCACCTGCTCCA-3’; iNOS sense, 5°-
GTTCCAGAATCCCTGGACAA-3’; iNOS antisense, 5°-
AACATTTCCTGTGCTGTGCTACA-3’; hypoxanthine
guanine phosphoribosyl transferase (HPRT) sense, 5'-
AGCTTGCTGGTGAAAAGGAC-3’; HPRT anti-sense, 5°-
TTATAGTCAAGGGCATATCC-3".

2.11. Statistical analysis

All experiments were done in triplicate and independently
repeated at least two times. Most of the results are expressed
as mean + S.E.M. of three or more experiments or, when
indicated, one is representative of similar experiments. Sta-
tistical significance between experimental groups and con-
trols was analyzed by Student’s #-test or by one-way ANOVA
to compare three or more groups. A P value of <0.05 was
considered statistically significant.

3. Results

3.1. L. amazonensis and L. major induce different infection
patterns in CBA/J Mg

CBA/J PEC M¢ were cultivated in complete DMEM me-
dium for at least 24 h at 37 °C and then were infected with L.
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Fig. 1. Kinetics of CBA/J M¢ infection by L. amazonensis or L. major. (A)
Percentage of L. amazonensis- or L. major-infected M¢; (B) Parasite burden
of L. amazonensis- or L. major-infected M¢. PEC M¢ were infected with
stationary-phase promastigotes at a ratio of 10:1. The percentages of infec-
tion and parasite number per M¢ were determined. These cells were fixed at
1.5, 3.0, 6.0 and 12 h after infection. Twelve hours later, the time 0 (arrows),
cells were washed and re-incubated for an additional 24, 48 and 72 h. This
data represents the mean + S.E.M. of five experiments; P values are indica-
ted in each figure (paired Student’s t-test).

amazonensis or L. major stationary-phase promastigotes.
Kinetic studies were performed to compare the capacity of
each parasite to infect CBA/J mouse M¢. We observed no
differences between the percentages of infected M¢ or para-
site numbers per M¢ until 6 h after parasite addition to the
cultures (Fig. 1A, B). However, after 12 h of infection, we
detected significant differences between the two groups. In
order to analyze the effect of long-term infection, after 12 h
of infection, at time 0, M¢ were washed to remove non-
internalized parasites and were cultivated for an additional
24, 48 and 72 h. After each of these periods, cells were fixed
and analyzed according to the parameters described above.
At time 0, the percentage of L. amazonensis-infected cells
was 76.1 £ 11.2% (n=3) and increased to 84.8 + 5.8% (n=8)
72 h postinfection. On the other hand, the percentage of L.
major-infected cells decreased from 44.3 + 8.4 % (n = 3) at
time 0 to 26.1 £+ 6.3% (n = 8) after 72 h of infection (P =
0.002) (Fig. 1A). Parasite burden was then determined and an
enhancement was observed from 3.0 to 8.0 parasites per L.
amazonensis-infected cell from 6 to 72 h postinfection. On
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Fig. 2. Release of hydrogen peroxide by L. amazonensis- or L. major-
infected M¢. PEC M¢ were plated and infected with L. amazonensis or L.
major stationary-phase promastigotes at a ratio of 10:1 for 30 min, and
extracellular parasites were removed by washing. Non-infected cells and
cells treated with 100 ng/ml PMA served as control. The amount of H,0,
was measured after 1 h incubation at 37 °C according to the peroxide-
mediated H,0,-dependent oxidation as indicated in Material and methods.
Results are reported as mean + S.E.M. of two experiments done in triplicate.

the other hand, 2.0 parasites per L. major-infected M¢$ were
detected, and there was no variation in this number for all
periods analyzed (P=0.0183) (Fig. 1B). Similar results were
observed by infecting M¢ at 35 °C (not shown), indicating
that the L. amazonensis strain used in our system is adapted
to infect cells at 37 °C. Together these results suggest that the
first contact between CBA/J M¢ and L. major activates
specific host cell responses, which are sufficient to contain
parasite infection, in contrast to M¢ response to L. amazon-
ensis infection.

3.2. L. amazonensis inhibited H,0, accumulation in Mg
cultures

To study the contribution of radical oxygen intermediates
(ROI) in Leishmania killing, we compared H,0, production
by control non-infected, PMA-treated cells and L. amazon-
ensis- or L. major-infected M¢. Fig. 2 shows that L. amazon-
ensis-infected M¢ produced half of the H,O, production as
that of L. major-infected M¢, although this difference was
not statistically significant. In addition, the microbicidal mol-
ecule production by L. major-infected cells was similar to
that of the positive control cells. This data suggests that the
first contact of the parasite with M¢ induced differential ROI
production, and this may be responsible, at least in part, for
the differences in CBA/J M¢ capacity to destroy L. amazon-
ensis and L. major parasites.

3.3. IFN-y activation of infected M¢ impaired L. major
but not L. amazonensis infection

IFN-y was added to the cultures to evaluate its role in the
control of L. amazonensis infection. PEC M¢ were pre-
treated with rIFN-y and then cells were infected with L.
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Fig. 3. Effect of IFN-y in L. amazonensis- or L. major-infected M¢. PEC M¢ were cultured and infected as described in Fig. 1 and served as control. In parallel,
M¢ were pretreated with IFN-y (100 UI/ml) + AMG (1 mM) during 1218 h. After this time, cells were infected; 12 h later they were washed to remove free
parasites and then IFN-y was replaced using similar concentration. (A) Nitrite levels were measured by Griess reaction in supernatants from cultures of 1 x 10°
cells infected with L. amazonensis or L. major and treated with IFN-y. Data are means of three experiments + S.E. (P> 0.05). (B) iNOS and HPRT gene products
of specific amplification by RT-PCR. Densitometric analysis of levels of iNOS-specific mRNA were determined by RT-PCR after standardization of cDNAs for
HPRT gene expression in IFN-y-treated M¢ infected with L. amazonensis or L. major. (P > 0.05, Student’s #-test). (C) Effect of IFN-y on the percentage of
infection. Control of infection was considered 100% (L. amazonensis 12h =76.1 £ 11.2%, n=3 and 72 h = 84.3 + 5.8%, n=8; L. major 12h =443 + 8.4%
andn =3, 72 h =26.1 + 6.3%, n = 8). (D) Effect of AMG on the percentage of infected cells treated with IFN-y 72 h postinfection. Control of infection was
considered 100% (86.3 + 3.9% in L. amazonensis infection and 30.5 + 6.1% in L. major infection, n = 8). In C and D the results represent the percentage of
infection related to control cells. Data are means of (n) experiments + S.E. (ANOVA).

amazonensis or L. major promastigotes. Non-internalized
promastigotes were washed out at time 0, and cells were
reincubated for an additional 24, 48 and 72 h in the absence
or in the presence of IFN-y. NO was measured in cell super-
natants to evaluate M¢ activation. Non-infected cells and
infected cells without IFN-y pretreatment served as controls,
and produced small amounts of NO. As expected, non-
infected M¢ treated with IFN-y produced high levels of NO
after 72 h of infection (47.5 + 11.3 uM per 10° cells).
Surprisingly, there was no difference between NO produced
by L. amazonensis- and L. major-infected PEC M¢ during
the whole period (P = 0.1931) (Fig. 3A). To confirm similar
NO production by these cells, we evaluated the INOS mRNA
expression by RT-PCR. After 12 h (not shown) until 72 h
postinfection, iNOS mRNA expression was detected at a
similar level by IFN-y-pre-stimulated L. amazonensis- and
L. major-infected M¢ (Fig. 3B).

Although similar amounts of NO were induced by IFN-y
in L. amazonensis- and L. major- infected cells (Fig. 3A),
IFN-y induced a not very significant reduction in L. amazon-
ensis infection, related to control cells at time 0 and 72 h
postinfection (Fig. 3C). In contrast, IFN-y significantly re-
duced the percentage of L. major infection at time 0
(P<0.001) (Fig. 3C). After 72 h of infection, the IFN-y effect
on the percentage of L. major infection was smaller than at
time 0, but was still significant (P < 0.05) (Fig. 3C). This data

indicates that, in contrast to L. major, L. amazonensis is
resistant to [FN-y-induced NO production by CBA/J M¢.

To evaluate the role of NO in our system, AMG was added
to the cultures. AMG completely blocked NO production
induced by IFN-y in infected cells (not shown). Surprisingly,
its addition to CBA/J M¢ neither modified L. amazonensis
infection (P > 0.05) nor reversed IFN-y inhibition of L.
major-infected cells (P > 0.05) (Fig. 3D). The NO donor
SNAP was then added to the cultures to test whether very
high NO concentrations have any effect on the control of
Leishmania infection. Indeed, NO concentration detected in
SNAP-treated cells was higher than in IFN-y-treated M¢,
and the percentage of infection was reduced in both L.
amazonensis-and in L. major-infected M¢ compared to lev-
els observed in non-treated infected cells (Fig. 4A, B).

3.4. Role of TNF-«a in Leishmania infection

As the role of TNF-a in L. amazonensis infection has not
been evaluated until now, and the control of L. major infec-
tion is still controversial [29-31], we tested whether IFN-y-
activated M¢ inhibited Leishmania infection by a mechanism
dependent on TNF-a. We first determined TNF-o. mRNA
levels at periods before and after time 0 and we were only
able to detect expression in IFN-y-activated cells at time 0. In
all experiments (7 = 5), TNF-a mRNA levels in IFN-y-
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Fig. 4. High NO concentrations inhibit M¢ infection by L. amazonensis and
L. major: (A) Nitrite levels after SNAP addition. (B) Percentage of M¢
infection with L. amazonensis or L. major in SNAP-treated cells. Control of
infection was considered 100% (L. amazonensis 73.10 + 8.8 and L. major
33.37 + 6.7). PEC M¢ were cultured and infected as described in Fig. 1 and
served as control. Cells were infected and 12 h later were washed to remove
free parasites. After this time cells were re-incubated and treated every 4 h
for 48 h with 100 pM of SNAP. Results are reported as mean + S.E.M. of two
experiments done in triplicate, P < 0.0001 (ANOVA).

activated L. amazonensis-infected M¢$ were half of those
expressed by L. major-infected cells (P = 0.022) (Fig. 5A).
As we were only able to detect a very low expression in L.
amazonensis-infected cells, anti-TNF-a. was only added to
IFN-y-activated L. major-infected cells. Anti-TNF-o. was
able to completely reverse the reduction in L. major infection
induced by IFN-y (data not shown). Throughout the time
postinfection we were not able to detect TNF-a in cell super-
natants.

The effect of TNF-o added exogenously was then tested.
Recombinant TNF-u was added to the cultures alone or at the
same time as rIFN-y. As expected, after 72 h of infection,
rTNF-a alone significantly reduced the percentage of L.
major-infected cells (Fig. 5B), and associated with rIFN-y
was able to significantly reduce the percentage of both L.
amazonensis- (n = 5; P <0.001) and L. major-infected cells
(n=5; P <0.001). As we have observed in IFN-y-treated
cells, NO production was similar in L. amazonensis- or L.
major-infected cells treated with both IFN-y and TNF-a.
Despite the synergic effect on NO production by TNF-a
added to IFN-y-treated cells, three times more than in IFN-
y-treated cells, AMG did not reverse the IFN-y plus TNF-a
effect on L. amazonensis infection (n = 3; P = 0.504).
Instead, the iNOS inhibitor partially reversed the IFN-y plus
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Fig. 5. Role of TNF-a in M¢ infection by Leishmania. (A) TNF-a and
HPRT gene products of specific amplification by RT-PCR 12 h postinfec-
tion. Densitometric analysis of levels of TNF-a-specific mRNA were deter-
mined by RT-PCR after standardization of cDNAs for HPRT gene expres-
sion in IFN-y-treated M¢ infected with L. amazonensis or L. major. This
data represent the means of five experiments + S.E. (B) AMG effect on the
percentage of infected cells treated with TNF-a plus IFN-y 72 h postinfec-
tion. Control of infection was considered 100% (L. amazonensis = 83.6 +
3.8% n = 12; L. major = 30.5 £ 6.1%, n = 12). Cells were cultured as
described in Fig. 1 and pretreated with IFN-y (100 UI/ml) (» = 9) or IFN-y
(100 Ul/ml) plus TNF-a (100 UI/ml) (» = 6) £ AMG (1 mM) (n = 3) during
12-18 h, after 12 h M® were washed to remove free parasites and then
cytokines plus AMG were replaced using similar concentrations. This data
represents the means of experiments () + S.E. Significant differences are
indicated in the figure, P < 0.05 *, P < 0.01** and P < 0.001 or P < 0.0001
*** (ANOVA).

TNF-o. inhibition of L. major infection (n = 3, P = 0.037)
(Fig. 5B).

3.5. Effect of TGF-B and IL-10 on L. amazonensis- or L.
major-infected Mg

We also investigated the role of TGF-f and IL-10, M¢-
produced cytokines implicated in driving the Th-2 response.
We first compared mRNA levels of expressed cytokines by L.
amazonensis- or L. major-infected cells, then measured cy-
tokines in infected cell supernatants. TGF- mRNA expres-
sion increased according to time of infection (not shown),
reaching its maximum at 72 h postinfection. As shown in Fig.
6A, after infection, TGF-B mRNA expression is slightly
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Fig. 6. Expression of cytokines and TGF-p effect on L. major- or L.
amazonensis-infected M¢. (A) TGF-$ and HPRT gene products of specific
amplification by RT-PCR 72 h postinfection. Densitometric analysis of
levels of TGF-B-specific mRNA were determined by RT-PCR after standar-
dization of cDNAs for HPRT gene. PEC M¢ (1 * 10%per ml) were cultured
and infected as indicated in Fig. 3. This data represents the means of five
experiments + S.E. (P> 0.05, one-way ANOVA). (B) Effect of TGF-p + IFN
on L. amazonensis or L. major infection at 72 h. Cells were cultured as
described in Fig. 1 and M¢ were pre-treated with IFN-y (100 Ul/ml) +
TGF-p (10 ng/ml) during 12—18 h. After 12 h of infection, cells were washed
to remove free parasites and cytokines were replaced using similar concen-
tration. Control of infection was considered 100% (L. amazonensis =93.8 +
1.7%,n =3, P =0.9094; L. major 35.8 + 8.6%, n =3, P =0.0149, ANOVA).
Results represent the percentage of infection related to control cells. (C)
IL-10 and HPRT gene products of specific amplification by RT-PCR 72 h
post infection. Densitometric analysis of levels of IL-10-specific mRNA was
determined by RT-PCR after standardization of cDNAs for HPRT gene
expression. PEC M¢ (1 * 10° per ml) were cultured and infected as indicated
in Fig. 3. This data is one representative of two similar experiments + S.E.

higher in the remaining cells (P = 0.4061) and upon IFN-y
activation (P = 0.7352) than in control non-infected M¢.
Similarly, levels of TGF-B in supernatants of L.
amazonensis- and L. major-infected cultures showed no dif-
ferences, and were slightly higher than in control non-
infected cells (not shown). In the next step, cells were treated
before and during infection with only rTGF-B, or both
rIFN-y and rTGF-B. Addition of rTGF-$ did not modify

either L. amazonensis or L. major infection. As shown in Fig.
6B, rTGF-B in combination with rIFN-y significantly re-
duced the percentage of L. major infection in CBA/J M¢,
although it did not modify the percentage of L. amazonensis-
infected cells.

Since we did not detect IL-10 in cell supernatants, we
evaluated the IL-10 mRNA expression by infected cells. We
were only able to detect IL-10 mRNA expression at 72 h
postinfection. Non-stimulated L. major-infected cells ex-
pressed two-fold higher IL-10 mRNA as L. amazonensis-
infected cultures. IFN-y treatment was able to completely
down-regulate IL-10 mRNA expression in L. amazonensis
and reduced the expression in L. major-infected cultures by
4.7-fold (Fig. 6C).

4. Discussion

In the present report, we used an in vitro assay to study the
interaction between L. amazonensis or L. major promastig-
otes and inflammatory CBA/J mouse M¢. Our goal was to
mimic a very early event in the interaction between Leishma-
nia and the host cell. We showed for the first time that two
distinct Leishmania species trigger different responses to the
infection in the same M¢, even before M¢ have been acti-
vated by rIFN-y. Previously, we demonstrated that CBA/J
mice infected with L. amazonensis showed dissemination of
parasites, and the animals did not survive, whereas CBA/J
infected with L. major resulted in a pattern of resistance and
cure [7].

A possible bias in our system is the use of stationary-phase
promastigotes instead of purified metacyclic forms. How-
ever, the limitations of this are minimized by the fact that we
are comparing the infection of the same M¢ in two different
species of Leishmania, and the percentage of complement-
resistant promastigotes was similar in L. amazonensis and L.
major stationary-phase promastigotes.

We showed that L. amazonensis-infected M¢ generated
half the H,0O, of that produced by L. major-infected M¢. Our
data suggest that the incapacity of CBA/J M¢ to destroy L.
amazonensis depends, at least in part, on the deficiency of
ROI production, emphasizing the role of innate immune
elements on the determination of Leishmania infection out-
come. Although we did not address this question, it has been
demonstrated that Leishmania’s ability to survive inside cells
may depend on the interaction of parasite surface molecules
with M¢ receptors [32-35]. Recently, it was demonstrated
that one mechanism used by L. amazonensis to survive in the
host cell is the very early acquisition of amastigote features
inside the parasitophorous vacuole [36]. This interaction
might influence activation of host signaling pathways and
parasite intracellular fate inside CBA/J M¢.

Twelve hours postinfection, in IFN-y activated M,
TNF-a expression was lower in L. amazonensis- than in L.
major-infected M¢. In addition, neutralization of TNF-a. led
to a higher parasite burden in L. major-infected M¢ pre-
treated with IFN-v, indicating that TNF-a expression lead to



258 LN. Gomes et al. / Microbes and Infection $ (2003) 251-260

a reduced percentage of L. major infection. TNF-a only
plays a role in L. major killing in IFN-y pre-treated cells, as
anti-TNF-a did not reverse L. major killing in non-activated
infected M¢ (data not shown). This data indicates that TNF-a
induced by IFN-y in L. major-infected cells was sufficient to
enhance M¢ killing mechanisms. Similarly to our study, it
has been demonstrated that rIFN-y by itself can activate
peritoneal resident or starch-elicited M¢ to destroy intracel-
lular L. major by a mechanism dependent on TNF-a induc-
tion [18,31,37]. However, in most of the studies, it was
demonstrated that IFN-y activates M¢ to kill L. major only if
associated with TNF-a or LPS [17,20,38,39].

We also demonstrated that the addition of TNF-a to IFN-
v-activated M¢ markedly enhanced M¢ leishmanicidal activ-
ity, which confirms the data found in the literature, suggest-
ing that TNF-a may induce a second signal to IFN-y-treated
M¢ [40,41], contributing to the activation of M¢ killing of
intracellular parasites. Our data also indicates that, although
L. amazonensis is more resistant to innate and IFN-y-
induced killing mechanisms than L. major, parasites can be
destroyed when cells were activated by both IFN-y plus
TNF-a.

In CBA/J M¢ the effect of IFN-y alone against Leishma-
nia was not dependent on NO, since AMG addition did not
modify L. amazonensis or L. major infection. In addition,
TNF-a- plus IFN-y-treated cells produced three times more
NO than the cells treated with IFN-y alone and addition of
AMG, which completely blocked NO production, did not
modify L. amazonensis infection and partially reversed the
inhibition in L. major infection. These data indicate that the
effect of the two cytokines against Leishmania is only par-
tially dependent on NO. Previously, we have shown that in
vivo establishment and dissemination of L. amazonensis
infection are not related to an inability of M¢ to produce NO
[7], but that, in comparison to L. major, L. amazonensis is
more resistant to being killed by the levels of NO or other
host killing mechanisms produced in the early phases of the
infection. These data is in accordance with another study
where it was demonstrated that control of L. amazonensis
infection by inflammatory mediators such as platelet activat-
ing factor is independent of NO [42]. Recently, it was dem-
onstrated that in vivo as well as in vitro TNF-a induces L.
major killing by a mechanism partially independent on NO.
TNF-o knockout C57BL/6 mice cannot control L. major
infection, although iINOS protein is readily detectable in skin
lesions and draining LNs [30]. Furthermore, we showed that
SNAP, a chemical NO donor, added to CBA/J M¢ highly
enhanced NO in the cultures, but did not sterilize infected
M¢. Together, this data support the idea that NO can kill
intracellular parasites, but its effect is potentially enhanced,
depending on whether or not NO is associated with other host
toxic molecules, such as oxygen reactives [19,43], similarly
to the model of in vitro control of Salmonella typhimurium
infection [44].

In CBA/J M¢ expressed TGF-B mRNA and TGF-B in cell
supernatants were produced in the same levels by L.

amazonensis- and L. major-infected cells, slightly higher
than in non-infected cells. In addition, we showed that
TGF-B alone had no effect on parasite infection, but the
addition of this cytokine in the presence of IFN-v signifi-
cantly reduced the percentage of L. major-infected cells,
demonstrating that in vitro TGF-B potentialized the IFN-y
effect on CBA/J M¢ activation to destroy L. major. In con-
trast to our work, data found in the literature [45,46] have
clearly demonstrated that in vivo TGF-§ suppresses resis-
tance to L. major infection, and that treatment with TGF-B
promotes disease in resistant C57BL/6 mice infected with
either L. amazonensis or L. braziliensis. On the other hand,
treatment of susceptible BALB/c mice with anti-TGF-f} anti-
body enhanced resistance to L. amazonensis infection [46]. It
has been shown that TGF-$ influences CD4+ T-cell matura-
tion, although contradictory effects on T-cell differentiation
have been reported in various in vitro studies showing that
TGF-B can either promote or suppress Th-1 development
[47-50].

IL-10 mRNA expression was higher in non-stimulated
infected cells than in IFN-y-treated M¢. This result is in
accordance with data in the literature, which demonstrates
the IFN-y role on modulation of IL-10 production [51].
Furthermore, we showed that L. major induced 3-fold higher
expression of IL-10 mRNA than L. amazonensis-infected
M¢. In our previous work we demonstrated a 4-fold higher
production of IL-10 by LN cells of L. major-infected mice
over those produced by LN cells of L. amazonensis-infected
animals [7]. These data support the idea that in CBA/J mice,
IL-10 can exert a dual role in the immune response against
Leishmania. In a context of Th-2 response as observed in L.
amazonensis-infected CBA/J mice, IL-10 can exacerbate the
infection. On the other hand, IL-10 can possibly modulate a
Th-1 type of immune response in L. major-infected CBA/J
mice.

In summary, we showed that in vitro L. amazonensis
inactivates and is resistant to innate and IFN-y-induced M¢
killing mechanisms. We also demonstrated that TNF-a in-
duced in response to IFN-y activation is involved in the
control of L. major infection by a mechanism partially de-
pendent on NO, suggesting that the NO effect is associated
with the effect of other host toxic molecules. TGF-$ and
IL-10 are seemingly not determinants of the infection of
CBA/J mouse M¢ by L. amazonensis or L. major. In conclu-
sion, the results presented here emphasize the role of the
parasites in determining the outcome of Leishmania infec-
tion, and indicate that the first contact of parasites with Mo
can translate information, regarding the nature of the patho-
gen, into differences in produced microbicidal molecules and
cytokines by host cells, which play a role in the polarization
of the acquired immune response.
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5. CAPITULO III - ANALISE COMPARATIVA DA BIOGENESE DO
VACUOLO PARASITOFORO CONTENDO L. amazonenis E L. major

5.1 INTRODUCAO

Macréfagos sdo importantes células no controle da infecgdo por Leishmania,
pois estdo presentes na resposta imune inata e participam da fase efetora da resposta
imunoldgica a Leishmania. L. amazonensis, in vitro, inativa e resiste aos mecanismos de
destrui¢do de macrofagos, embora L. major seja destruida por essas células. Esses dados
evidenciam que o primeiro contato de diferentes espécies de Leishmania com a célula
hospedeira é acompanhado de distintos padrdes de resposta (Gomes et al., 2003).

Algumas moléculas foram descritas como participantes da interagdo do
macrdfago com a Leishmania (receptores para moléculas do complemento, Mac-1,
receptores manose/fucose, entre outros). Essas moléculas, além de promoverem a
ligagdo entre o parasito e a célula hospedeira, desencadeiam eventos de transdugdo de
sinal que influenciam a resposta contra o parasito. E possivel que a diferenca na ligagio
e ativagdo desses receptores por diferentes espécies de Leishmania seja, em parte,
responsavel pelos perfis distintos de resposta do macrofago (Da Silva et al., 1989;
Rosenthal et al., 1996)

Apoés serem fagocitadas, os parasitos do género Leishmania se localizam em
fagossomas denominados vacuolos parasitéforos (VPs). Os VPs amadurecem
fusionando com vesiculas da via endocitica, endossomas tardios e/ou lisossomas. A
maioria dos estudos sobre a biogénese dos VPs tem utilizado como modelo a infecgdo in
vitro de macrofagos murinos por L. amazonensis ou L. mexicana. Esses estudos
demonstraram que os vacuolos induzidos por Leishmania do complexo mexicana
apresentam caracteristicas de fagolisossoma. Eles apresentam pH baixo, em torno de
4,7-5,2 (Antoine ef al., 1990), hidrolases lisossomais, como catepsinas D, B, H, e L

(Prina et al., 1990) e marcadores de membrana lisossomais, como o receptor manose
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independente de cation, LAMP1, LAMP2, rab7, macrosialina e a préton ATPase, além
de moléculas de MHC classe II (Lang ef al., 1994; Russell, 1994; Russell ef al., 1992).
Foi também demonstrado que o vacuolo maduro tem capacidade aumentada de se
fusionar com endossoma primario. Por outro lado, embora VP de células infectadas com
L. amazonensis adquiram particulas de zimosan, nem bolas de latex, nem eritrocitos
fagocitados acessam esse compartimento (Veras et al, 1992). Portanto, nem todo
material endocitado alcanga o VP induzido por L. amazonensis, sugerindo que este
fagossoma fusiona seletivamente com outras vesiculas de endocitose.

Os vacuolos induzidos por outras espécies de Leishmania possuem
caracteristicas comuns com os induzidos por L. amazonensis ou L. mexicana, porém
apresentam diferengas morfologicas e funcionais. Por exemplo, os vacuolos induzidos
por L. amazonensis sdo grandes, ao passo que os induzidos por L. major e L. donovani,
que sdo vacuolos pequenos, sugerindo que os processos que controlam a fusdo ou fissdo
destes vacuolos sao diferentes (Antoine ef al., 1998).

A inibi¢do da fusdo fagossoma-lisossoma é um mecanismo de sobrevivéncia
utilizado por alguns microorganismos intracelulares (Joiner, 1997; Small et al., 1994).
Foi demonstrado que VPs de L. donovani apresentam bloqueio temporario da fusdo do
fagossoma com lisossomas, e que isso pode favorecer o tempo de diferenciagdo para o
estagio de amastigota, melhor adaptado a vida intracelular (Desjardins et al., 1997).

Para explicar um dos mecanismos pelos quais macrofagos de camundongos
CBA controlam a infec¢do por L. major e sdo permissivos a L. amazonensis, nossa
hipbtese € que esses parasitos de espécies distintas interagiriam com receptores distintos
no macrofago, o que levaria a formagido de fagossomas com cinéticas diferentes de
fusdo com lisossomas. Assim, os fagossomas contendo promastigotas de L. major se

fusionariam rapidamente com lisossomas, antes que o parasito adquirisse caracteristicas
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de amastigotas, levando a morte do parasito nos primeiros momentos ap6s a fagocitose.
Por outro lado, a fusdo dos vacuolos contendo L. amazonensis seria mais tardia,

favorecendo a sobrevivéncia maior deste parasito, em comparagido com L. major.
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5.2 MATERIAL E METODOS
Cultura de células

Macréfagos peritoneais do exsudato inflamatorio foram obtidos pela lavagem
com salina gelada da cavidade peritoneal dos camundongos da linhagem CBA. Foram
distribuidos 2 x 10® macrofagos por pogo em placas de 6 pogos em duplicata, em meio
DMEM completo. Ap6s 24 horas de incubagdo a 37° C e 5% de CO,, as culturas foram

lavadas com meio RPMI para a remogdo das células ndo aderentes.

Infecciio de macréfagos e processamento para microscopia eletronica

Para marcar lisossomos, as células foram incubadas, antes da infec¢do, com
BSA (bovine serum albumin) conjugada a particulas de ouro coloidal (Ouro-BSA) de 15
nm por 3 horas, em seguida foram lavadas e reincubadas, por mais 18h, em meio
DMEM completo a 37°C e 5% de CO,. Logo apos esse periodo de incubagdo, as células
foram infectadas com promastigotas de L. amazonensis ou L. major em fase
estacionaria, na proporgdo de 10 parasitos por macrofago. Apos 15, 30, 60 e 90min de
infeccdo, as células foram fixadas e processadas para microscopia eletronica, como
descrito previamente (Frehel ef al., 1997). As células infectadas foram fixadas a 4°C em
glutaraldeido a 2.5% (Polyscience, Warrington, PA) em 0.1 mM tamp@o cacodilato (pH
7.2), suplementado com 0.1 M sucrose, 5 mM CaCl, e 5 mM MgCl,. Apés 1h de
lavagem com tampdo de lavagem, as células foram poés-fixadas por mais 1h a
temperatura ambiente em tetroxido de 6smio a 1% em 0.1 mM tampdo cacodilato na
auséncia de sucrose. As células foram, entdo, raspadas, concentradas em agar a 2% em
tampdo cacodilato, e tratadas por 1h a temperatura ambiente com acetado de uranila a

1% e tamp@do veronal. As amostras foram desidratadas em uma série de solugdes
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graduadas de acetona e, por fim, incluidas em Epon. Cortes ultrafinos foram
contrastados com acetato de uranila e citrato de chumbo. Foram feitas observagoes
quantitativas no microscopio eletronico para determinagio do percentual de fagossomas
que fusionaram com lisossomas. Foi considerado que houve fusdo de fagossomas com

lisossomas quando pelo menos uma particula de ouro-BSA era encontrada em VPs.

5.3 RESULTADOS E DISCUSSAO

Macrofagos inflamatérios de camundongos CBA, previamente incubados com
ouro-BSA para marcagdo de lisossomas, foram infectados com L. amazonensis ou L.
major por 30, 60, 90 e 120min para avaliar, comparativamente, a cinética de fusdo dos
fagossomas com lisossomas. Foi observado que ha um percentual de fusdo de cerca de
60-70% dos fagossomas induzidos por L. amazonensis ou L. major com lisossomas,
desde os tempos mais curtos apds a infecgdo (Figura 1). Os dados mostram que, a
despeito de L. amazonensis e L. major serem parasitos de espécies distintas e induzirem
respostas diferentes em macrofagos infectados de camundongos CBA, os VPs de L.
amazonensis ou L. major apresentam cinéticas semelhantes de fusdo com lisossomas.

Anteriormente, foi descrito que a cinética da formag¢do do VP depende do
estagio do parasito internalizado (Dermine et al., 2000; Desjardins et al., 1997).
Desjardins e colaboradores demonstraram que LPG de promastigotas de L. donovani é a
molécula responsavel pela inibi¢do transitoria da fusdo dos fagossomas de L. donovani
com lisossomas (Desjardins ef al., 1997; Scianimanico et al., 1999). De acordo com
esses autores, o bloqueio temporario da maturagio do fagossoma permitiria
promastigotas iniciarem sua transformagdo em amastigotas. Esses dados sdo
consistentes com estudos que mostraram uma diminui¢do da sobrevivéncia de

promastigotas de L. major mutantes para LPG (Spath ef al., 2000). Entretanto, mutante
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de LPG de L. mexicana se replica normalmente em macréfago, mantendo sua viruléncia
em camundongos (Ilg, 2000; Ilg et al., 2001; Turco et al., 2001). Isso indica que LPG ¢
um importante fator de viruléncia para L. major, enquanto que outros glicoconjugados
parecem exercer esse papel para a L. mexicana. Nossos dados evidenciam que a
despeito do possivel papel desses glicoconjugados na sobrevida de L. amazonensis e de
L. major, seus mecanismos de agdo ndo interferem na cinética de fusdo dos VPs.

As diferengas morfologicas observadas entre os VPs de L. amazonensis ¢ L.
major ndo refletem diferengas na capacidade de fusdo com lisossomas, como mostrado
na figura 2. Em concordancia com os nossos dados, foi demonstrado que fagossomas
contendo promastigotas ou amastigotas de L. amazonensis bem como promastigotas de
L. major, rapidamente adquirem capacidade de se fundir com endossomas
tardios/lisossomas, sugerindo que outros mecanismos estejam modulando a composigio
desses vacuolos (Courret et al., 2001).

Sabe-se que mudangas na morfologia dos VPs de Leishmania sdo acompanhadas
por modificagdes bioquimicas, incluindo mudangas na composi¢do da membrana
limitante, devido, em parte, a fusdo do fagossoma com compartimentos endociticos
(Antoine et al., 1998). Estudos demonstraram que a expansdo dos compartimentos
induzidos por L. amazonensis ocorre entre 5 e 12h de infecg¢do, enquanto que a fusdo
dos VPs com organelas de macréfago ocorre entre 12-18h apoés a infecgido (Courret et
al., 2001). Foi também demonstrado que grandes vactolos de L. amazonensis sio
formados pela fusdio dos VPs entre si (Pouchelet et al, 1995) e destes com
compartimentos da via endocitica (Veras et al., 1996). Pouco se sabe sobre as mudangas
morfologicas e bioquimicas que ocorrem durante a formagdo dos compartimentos

induzidos por L. major.
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E possivel que a formagdo e a maturagdo dos VPs contendo L. amazonensis ou
L. major sejam diferentemente moduladas apés a fagocitose, pela liberagdo de
moléculas especificas por promastigotas, ou haja diferengas no balango da fusdo e fissdo
em tempos tardios. De fato, foi sugerido que proteofosfoglicana secretada por‘
amastigotas de L. mexicana no limen do VP pode estar envolvida na sua expansio
(Peters et al., 1997). Sabe-se que, além da alta capacidade de fusdo dos VPs induzidos
por Leishmania do complexo mexicana, os vacuolos induzidos por esses parasitos
podem adquirir moléculas aniénicas provenientes do citosol por transporte ativo, através
de transportadores na membrana vacuolar (Schaible et al., 1999).

A formag@io do ambiente do VP pode ter importantes efeitos no resultado da
doenga. Por exemplo, Gruenheid e colaboradores (Gruenheid et al, 1997)
demonstraram que NRAMPI1, associada a resisténcia contra microorganismos
intracelulares, ¢ expressa em membranas de endosssomas tardios, apresenta uma
seqiéncia putativa de uma proteina transportadora de ions e colocaliza em
compartimentos de macrofagos contendo LAMP1. Esses dados sugerem que NRAMP
poderia controlar a replicagdo de parasitos intracelulares alterando o ambiente vacuolar
do fagossoma (Gruenheid et al, 1997). E possivel que os compartimentos de L.
amazonensis € L. major apresentem outras diferengas que ainda ndo foram investigadas,
como a expressdo de NRAMP.

Foi demonstrado que VP contendo L. amazonensis seqiiestra moléculas de MHC
I, que sd@o degradadas por cisteinas proteases do hospedeiro e do parasito (De Souza
Leao et al., 1995; Lang et al., 1994), mecanismo que favorece sua sobrevivéncia
indiretamente, por influenciar a resposta imunologica. Ainda n3o foi investigada a

distribui¢do de moléculas de MHCII em células infectadas por L. major.
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Nossos dados mostram que os VPs contendo L. amazonensis ou L. major,
conhecidos por serem ambientes acidos e ricos em enzimas lisossomais (Antoine ef al.,
1990), apresentam semelhangas na cinética de fusdo com lisossomas. L. amazonensis ¢
capaz de viver e se multiplicar dentro desse ambiente hostil, enquanto a maioria dos
parasitos L. major é destruida pelos macrofagos apos algumas horas. No contexto da
infecgdo por L. amazonensis, é possivel que a concentragado das hidrolases esteja diluida
nos grandes vacuolos, diminuindo sua atividade. Estudos utilizando coinfecgio de L.
amazonensis ¢ L. major talvez evidenciem se o ambiente do VP é capaz de influenciar o
perfil de infec¢do dos macrofagos.

Finalmente, esse artigo sugere que outras diferengas, além da fusdo desses
compartimentos com lisossomas, estdo relacionadas a modificagSes bioquimicas
distintas, tanto da membrana, como do conteudo destes VPs, n3o investigados nesse
trabalho. Novos estudos devem ser realizados com o objetivo de melhor caracterizar a

natureza desses compartimentos.



5.4 FIGURAS

Figura 1




Figura 2

1 L. amazonensis
1004 W L. major
| =
o
@ 75+ T
G
e (Lo 1
g
o
>
£ o5l
o
X
0
30 90 120 180

Time (min post-infection)

43



44

5.5 LEGENDAS

Figura 1. Ultra-estrutura do fagossoma induzido por L. amazonensis ou L. major

Para marcar lisossomos, macrofagos de camundongos CBA foram incubados com
particulas de ouro-BSA de 15nm por 3h, depois foram lavados e infectados com
promastigotas de L. amazonensis ou L. major na propor¢io de 10:1. Apos 30, 90, 120 e
180min de infecgdo, as células foram fixadas e processadas para microscopia eletrénica
como descrito em material e métodos. Macréfagos de camundongos CBA infectados in
vitro por L. amazonensis (A) ou L. major (B) em fagossomas que fusionam com
lisossomas marcados com ouro-BSA. Setas indicam particulas de ouro-BSA dentro de
fagolissomas e cabeca de setas indicam particulas de ouro-BSA apenas em lisossomas.

F = fagossoma, F-L = fagolisossoma e L = lisossoma (50.000 X).

Figura 2. L. amazonensis and L. major induzem fagossomas com capacidade
similar de fusio em macréfagos de camundongos CBA. Macrofagos de
camundongos foram cultivados, infectados e processados como indicado na figura 1.
Para cada amostra, foram feitos 2 cortes com 10 um de distancia e, no minimo, 150
fagossomas foram contados. A fusdo de fagossomas com lisossomas foi considerada
quando pelo menos uma particula de ouro-BSA era encontrada no vacuolo. O
percentual de fagossoma que fusionava com lisossoma foi quantificado. O grafico

representa a média de 2 experimentos + SEM.
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6. CAPITULO IV — O PROGRAMA TRANSCRICIONAL DE MACROFAGOS
DE CAMUNDONGOS CBA/J E ALTERADO EM RESPOSTA A INFECCAO
POR LEISHMANIA

6.1 INTRODUCAO

Os eventos que ocorrem nas fases iniciais da infec¢do por Leishmania sio
crucias na determinag¢do do curso da doenga. Macrofagos sdo células importantes no
controle da infecgdo, participando da resposta imune inata e da fase efetora da resposta
imune a Leishmania. L amazonensis, in vitro, inativa e resiste aos mecanismos de
destruicio do macrofago, entretanto L. major € destruida pelos macrofagos,
evidenciando que o primeiro contato de diferentes espécies de Leishmania com a célula
hospedeira induzem um perfil distinto de resposta (Gomes et al., 2003).

Para investigar em larga escala os mecanismos envolvidos na resposta de
macrofagos infectados, utilizamos DNAmicroarray e caracterizamos o perfil de
expressdo génica de mais de 12.000 genes de macrofagos, apos a infecg¢do por L. major
ou L. amazonensis. Demonstramos que a infec¢do por L. amazonensis ou L. major induz
alteragdes significativas no perfil de expressio de numerosos genes relacionados ao
metabolismo celular, resposta imuno-inflamatoéria, apoptose, fagocitose, sinalizagdo e
citoesqueleto. Alguns desses genes estdo relacionados com a resposta do hospedeiro a
Leishmania enquanto que outros ainda ndo foram associados a infecgdo.

Genes relacionados a explosdo respiratoria, formagdo do vacuolo parasitoforo e
receptores da superficie celular envolvidos na fagocitose, estdo induzidos ou suprimidos
a depender da espécie de Leishmania € o tempo de infec¢do. Observamos que na
infecgdo por L. amazonensis houve um aumento na expressio de genes que codificam
enzimas que inibem a explosdo respiratoria. Genes relacionados a receptores do tipo
scavenger, que podem ser importantes nos diferentes perfis de resposta do macrofago,

foram ativados na infecgdo por L. major, o que pode estar associado a expressdo 20%
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maior de MARCO na superficie de células infectadas por esse parasito, quando
comparada a infecgdo por L. amazonensis. Finalmente, estudos in vivo mostraram que
linfonodos de camundongos CBA infectados por L. major apresentaram um aumento da
expressio de MARCO em comparag@o a infec¢@o por L. amazonensis.

Os dados sugerem que caracteristicas especificas de L. major ou L. amazonensis
induzem alteragdes no programa de transcrigdo génica em macrofagos levando a um
padrio distinto de resposta a infecgdo. Esses dados contribuem para o estudo de
diferentes mecanismos de sobrevivéncia do parasito e suas possiveis conseqiiéncias para

a determinagdo de uma resposta protetora ou nio protetora em camundongos CBA.
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ABSTRACT

CBA mice are resistant to L. major and susceptible to L. amazonensis. The early events
are crucial to Leishmania infection outcome and macrophage is an important cell in
infection control. L. amazonensis, in vitro, inactivates and resists to innate macrophage
killing mechanisms, whereas L. major is destroyed by macrophages. To identify
molecules involved in macrophage response to Leishmania, DN Amicroarray was used
to characterize the mRNA expression profile of more than 12,000 mouse genes after
macrophage infection with L. amazonensis or L. major. Some of the expressed genes
were previously related to Leishmania infection but some of them were not yet
associated to Leishmania infection. Genes related to cell surface receptors which
participate both in cell activation and phagocytosis of microorganisms, genes involved
in respiratory burst response and in parasitophorous vacuole biogenesis have their
expression modified dependent on Leishmania species and time of infection. There is
an up-regulation of genes that code to enzymes which participate in scavenging of
hydrogen peroxide and superoxide anions in L. amazonensis infection. Genes that code
for pattern-recognition receptors such as CD14 and scavenger receptor, which could be
involved in cell activation, are up regulated in response to L. major infection. This result
is correlated with 20% more expression of MARCO scavenger receptor in L. major
infected macrophages when compared to L. amazonensis infected cells in vitro.
Furthermore, in vivo studies demonstrated that there was higher expression of MARCO
receptor in lymph nodes from L. major- in comparison to L. amazonensis-infected CBA
mice. Results herein strongly suggest that factors related to parasite species drive
differential transcriptional program in early infected macrophages that are related to
different infection outcome. These data may contribute to understanding strategy of
intracellular survival and its possible consequences in immune response to Leishmania
that determine protection or susceptibility in CBA mice.

KEY WORDS
Macrophages; Leishmania amazonensis; Leishmania major, DN Amicroarray, MARCO

receptor



INTRODUCTION

Experimental murine cutaneous leishmaniasis has been used to investigate
factors involved in the generation of protective or non protective to intracellular
pathogens. CBA mice have been used as a model to study resistance and susceptibility
to Leishmania, since they control L. major- while are permissive to L. amazonensis-
infection. L. amazonensis-driven pathogenic processes induce a Th2-type of response,
whereas CBA mice heal following L. major infection induces a Th1-type of response
(1). A critical question concerns whether the initial events dictate the differentiation of
Th1 versus Th2 cells in vivo setting of Leishmania infection. We have recently
demonstrated that L amazonensis both inactivates and resists innate macrophage killing
mechanisms, whilst this same macrophage is capable to destroy L. major (2). These data
indicate that the nature of parasite and its interaction with macrophages could determine
immune response.

The macrophages participate in recognition, capture and processing of potential
antigens which activate specific T and B lymphocytes effector mechanisms. In addition,
macrophages secrete molecules that induce and regulate local inflammatory and
immune responses. During Leishmania infection, macrophages not only serve as host
cells for parasites, but are also important effector’s cells for parasites killing. The
internalization of the promastigote forms has been shown to be mediated by different
receptors on the surface of macrophages (3) and depending on the receptor involved in
the recognition of the parasites the promastigotes fail to trigger the macrophage
respiratory burst (4). Leishmania lives and multiplies within organelles known as
parasitophorus vacuoles (PVs) of phagolysossomal origin (5). However, surface
molecules of Leishmania transiently inhibited phagossome-endosome fusion (6)

facilitating its survival. Thus, Leishmania recognition by plasma-membrane receptor of



macrophages results in the phagocytosis, intracellular signaling and complex changes in
gene activation and repression, which determine its intracellular fate.

Macrophages contain a set of receptors that can directly recognize pathogen-
associated common structures, important in innate immune response. These receptors,
known as pattern recognition receptors (PRRs), include mannose receptor, CD14, toll-
like receptors, and scavenger receptors (SRs). Participation of scavenger receptor in
pathogen recognition is not well known. MAcrophage Receptor with COllagenous
structure (MARCO) is a distinct type-A SR with collagenous and Scavenger Receptor
Cystein-Rich (SRCR) domains. This mouse molecule is able to bind Gram-positive and
Gram-negative bacteria, but is normally expressed by only a subpopulation of
macrophages — for example in spleen marginal zone and freshly harvested peritoneal
populations (7). There is very little knowledge of the consequences of receptor ligation
on SR biosynthesis and functions. One example is the rapid up-regulation of MARCO
expression after LPS or microbial uptake.

Genome-wide expression profiling by DNAmicroarrays is a powerful technique
for monitor changes in gene expression on a large scale in different organisms, tissues
and temporal or spatial arrangements (8, 9). The goal of the present study was to use the
DNAmicroarray to analyze the global changes in CBA mouse macrophages gene
expression in response to L. amazonensis or L. major infection.

To improve understanding of the macrophage role on the protective and non
protective immune responses against Leishmania, we undertook a detailed, comparative
examination of the CBA/J mouse infected macrophage transcriptional program. This
experimental approach allowed us to expand the themes that define the complexity of
phagocytic interaction of L. amazonensis versus L. major with macrophages and its

consequences for the immune response. These studies allowed us to identify already



known as well as novel genes such as MARCO SR which may be involved in

Leishmania infection.



MATERIAL AND METHODS
Mice

Male and female CBA/J mice, 6-12 weeks old, were provided by the Central
Animal Facility of IOC/FIOCRUZ and from the Animal Facility of CPqGM/FIOCRUZ.
These animals were housed under specific pathogen-free conditions and fed on

commercial ration and water ad libitum.

Parasites
Promastigotes in stationary phase used in this work were L. amazonensis

(MHOM/Br88/Ba-125) and L. major (MHOM/RI/-/WR-173) provided by Dr. Aldina
Barral, from the Laboratory of Immunoparasitology of CPqGM/FIOCRUZ. Fresh L.
amazonensis or L. major promastigotes were derived from isolated amastigotes from
lymph nodes (LN) of C57BL/6 resistant mice, resuspended in Novy-Nicolle-MacNeal
blood agar and then transferred to total LIT plus 10 % Fetal Bovine Serum (Cultilab,
Campinas, Brazil) for a maximum of six passages. For macrophage experiments, the
promastigotes were expanded for 3-5 days until reaching the stationary phase, washed

with saline, and then adjusted to the desired concentrations indicated in the results.

Macrophage culture

Thioglycolate-induced peritoneal exudate cells (PEC Macrophages) were
prepared from the peritoneal cavity of CBA/J mice 3-4 days after intraperitoneal
injection of 2.5 mL of 3 % thioglycollate medium (Sigma chemical, St. Louis, MO).
PEC M¢ were obtained by flushing the peritoneal cavity twice with 10 mL ice-cold
saline plus heparin (20 UI/mL) and centrifuged at 300xg for 10 min. The cells were

resuspended in DMEM supplemented with 25 mM HEPES (N-2-



Hydroxyethylpiperazine-N’-2-ethanesulfonic acid) pH 7.4, 2 mM glutamine, 100
Ul/mL penicillin, 100 pg/mL streptomycin, 2.0 g/L sodium bicarbonate plus 10% fetal
bovine serum (Gibco Laboratories) (complete medium). Macrophages (1 X 107 )in
complete medium were cultured in 6 well-plates at 37 °C in 5% C0O2/95% humidified
air. After 4 h, non-adherent cells were washed three times with RPMI 1640

supplemented with 25 mM HEPES.

Macrophage infection

Macrophages were infected with L. amazonensis or L. major promastigotes in
stationary phase, at ratio 10:1. After 3, 6 or 12 h non-internalized parasites were washed
out. In some experiments, cells were washed to remove non-internalized parasites after
12 h of infection, at time zero (0), and reincubated for additional 24 and 72 h after

infection.
RNA preparation

Total RNA from non-infected macrophages or infected with L. major or L.
amazonensis was harvested using Qiagen RNeasy mini-prep columns (Qiagen,
Valencia, CA). The integrity of each RNA preparation was checked on a 1.2% agarose

gel electrophoresis.

The RNA was reverse transcribed (Superscript II, Invitrogen) by using oligo(dT)
linked to a T7 RNA polymerase promoter sequence (Proligo, La Jolla, CA) to prime
cDNA synthesis. After second-strand synthesis, biotinylated cRNA was produced by in
vitro transcription using biotinylated UTP and CTP (Bioarray high-yield RNA transcript

labeling kit, Enzo Diagnostics), and purified with RNeasy mini columns (Qiagen). The



biotinylated cCRNA was heated at 94 °C 30 min in MgOAc/KOACc buffer to produce 35—

200 base fragments.

Probe arrays hybridization and scanning

Briefly, 16 pg of fragmented labeled cRNA was hybridized to Murine Genome
U74v2 Genechip® (Affymetrix, Santa Clara, CA), which contains nearly 400,000
probes covering approximately 12,000 different murine genes. Washing and staining
with streptavidin-phycoerythrin was done using a GeneChip Fluidics station 400
(Affymetrix). Scanning was performed with an Affymetrix GeneArray. Microarray
Analysis Software (Affymetrix) was used to scan and analyze the image from the

scanned array.

Bioinformatics analysis

The images obtained were processed by the Affy package of Bioconductor
software project (http://www.bioconductor.org). Briefly, the images were submitted to
three steps, namely background correction, normalization aiming to reduce intersample
bias and extraction of a numerical quantity directly related to the mRNA concentration
in the original sample of each gene. These steps were done according to the RMA

(robust multi-array analysis) method (10).

Differentially expressed genes in early (3, 6 and 12h) and late (24 and 72h)
infection time were accessed by using the SAM (Significance Analysis of Microarrays)
software (11). This software performs a statistical analysis of differential expression,
with a method based in a modification of Student’s ¢ test, and allows strong control over

multiple testing, a very important statistical issue in genomic analysis.


http://www.bioconductor.org

Clustering analysis of patterns of gene expression through both L. amazonensis
and L. major infection were performed by the EXPANDER software (12), using the
SOM.(self-organizing maps) method (13). Clustering was performed to visualize
patterns of differential expression that pass the stringent statistical criteria described

above.

Flow Cytometry assay

Cells were cultured in 6-well plates (10 cells per well) in DMEM medium
containing glutamine, penicillin/streptomycin, and 10% of FBS. Cells were infected by
L. amazonensis or L. major, and untreated cells or those treated with IFN-y and/or TNF-
o were used as control. After stimulation for 24 h, cells were detached from the culture
plates using a cell scraper, and MARCO expression was determined by flow cytometry
using a hybridoma supernatant contaning a rat anti-mouse MARCO mAb. The
secondary antibody was a phycoerythrin-conjugated anti-rat IgG, and its binding was

detected using a FACScan flow cytometer (Becton Dickinson).

Immunohistochemistry

In order to study the induction of MARCO expression in vivo during Leishmania
infection, immunohistochemistry was performed in 5-um cryostat sections of infected
and non-infected CBA mouse lymph nodes. Sections were fixed with acetone for 30
min, air dried, and endogenous peroxidase activity was quenched using sodium azide
and hydrogen peroxide (H,0;) diluted in PBS by incubation for 30 min at 37°C. Avidin-
biotin blocking agents were used (DAKO Corporation, USA). Sections were incubated
with MARCO mAb, diluted 1:3 in PBS/BSA 1%. After 90 min incubation at room
temperature, sections were washed twice with PBS and incubated with biotinylated

rabbit anti-rat IgG (DAKO Corporation, USA) diluted in PBS/BSA 1% containing 5%



rabbit serum and 5% mouse serum, for 30 min at 37°C, washed twice with PBS and
followed by incubation with streptavidin-peroxidase for 30 min. Peroxidase activity was
demonstrated using the DAKO EnVision System™ HRP (DAB). Sections were

counterstained with hematoxylin.

RESULTS
Transcriptional response of L. amazonensis- or L. major-infected macrophages

To determine in large scale which are the molecules involved in initiating and
modulating distinct host response to infection with L. amazonensis or L. major,
DNAmicrorray was used. mRNA expression profile of more than 12,000 mouse genes
was characterized following Leishmania infection. We demonstrated that L.
amazonensis and L. major infection caused significant changes in the expression of
numerous specific genes related to immune-inflammatory response, apoptosis, cell
signaling, cell metabolism, DNA/RNA processing and binding, vesicular trafficking and
fusion and cytoskeleton. Several of these genes have not been previously implicated in
the host responses to L. amazonensis and L. major infection, while other genes have
been previously shown to be regulated by these infections.

We investigated the early events (3, 6 and 12h) and the late events (24 and 72h).
Table I lists the up regulated and down regulated genes in the early events in response to
L. amazonensis related to L. major infection. We have observed marked differences
between L. amazonensis infection in the number of genes that were repressed in
comparison to L. major. The majority of differences in gene suppression was
represented in the early events. In contrast, many genes were induced in the late events.
Genes related to regulatory factors of immune-inflammatory response, such as TNF

receptor (TNFR), IFN-o/B receptor, chemokine ligand (CCL) 1, CD47 antigen, MHCII
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were repressed in the L. amazonensis infection. On the other hand, in the late events
(Table II) Interleukin (IL) 10 receptor, integrin beta 1, C-C chemokine receptor 5
(CCR5), SRs, TRAF, MAD genes were induced.

Genes related to respiratory burst such as catalase (early events) was induced,
besides genes of antioxidant enzymes such as thioredoxin, glutathione-S-transferase and
casein kinase (late events) were induced (Table I and II) in response to L amazonensis
infection. Some genes related to intracellular signal transduction were expressed. Genes
related to the family of the mitogen-activated protein kinases (MAPKs) were repressed
in the early events, whereas there was induction of genes related to phosphatases
suggesting a possible deactivation of macrophages. However, protein kinase C (PKC),
an important enzyme known to be suppressed in response to L. donovani, was induced
in the late events in response to L. amazonensis. Genes related to vesicular trafficking
and fusion, such as proteins of Rab family, vesicle-associated membrane proteins
(VAMPs), syntaxin and coat protein (COP) were induced in the late events of L.
amazonensis infection. In addition, L. amazonensis also induced in late events beclin 1

gene, related to autophagic pathway (14).

Functional assignments of coordinately expressed gene profile

To investigate the relationships among expressed genes with respect to patterns
of differential expression we selected two main clusters. Cluster I is represented by a
group of genes related to innate immune response such as, phospholipase A2 enzyme
that is involved in the Prostanglandin E; synthesis, Interferon-regulatory factor (IRF) 7,
IL-1 receptor antagonist, macrophage SR 1, CD14, CCLS5 which were induced in
response to L. major. Of interest in cluster II some genes were also induced in response

to L. major, TNFR, TRAF, leukotriene B4, cytocrome c oxidase and cytocrome b-5.
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L. major infection induces in vitro and in vivo MARCO receptor expression

In DNAmicroarray analyses we observed up regulation of the macrophage SR 1
gene in response to L. major and SR class B in response to L. amazonensis. Since
MARCO is known to be an important receptor involved in innate immune response and
until now its role has not been investigated in response to Leishmania infection, we
compared its expression on the surface of L. amazonensis- or L. major-infected
macrophages. Figure 2 shows a 20% increase in surface of MARCO receptor in L.
major-infected macrophages when compared to L. amazonensis infection.

To determine whether in vivo MARCO expression was also enhanced in
response to L. major, we investigated MARCO distribution in draining lymph nodes
from infected mice. Saline-injected mice were used as control. After 7 days, in lymph
nodes from L. amazonensis-infected mice (Figure 3B) we observed weaker MARCO
expression when compared to those from control mice (Figure 3A). In contrast in L.
major-infected mice we observed a strong MARCO expression (Figure 3C,D). In both
saline-injected and L. major-infected mice MARCO was predominantly distributed in

lymph node lymphoid follicles.

DISCUSSION

To better understand the differences in CBA mouse macrophage responses to L.
amazonensis or L. major infection, we performed DNAmicroarray analyses and
determined macrophage transcriptional program change at different time points of
infection. Our study showed that L. amazonensis and L. major induced and suppressed

specific genes that can be determinant of CBA macrophage response to infection.
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Previously, Matlashewsky and Buates (15) demonstrated that L. donovani
induced a general macrophage deactivation. In agreement with our present work, it has
been recently shown that macrophage response to Leishmania is more complex (plastic)
and in response to L. chagasi there was a down-modulation of macrophage genes
encoding Thl-type response, whereas up-regulation genes implicated in anti-
inflammatory or Th2-type responses. We showed that phagocytosis of Leishmania did
not induce an initial overall state of dormancy but instead depending on parasites
species they can induce up or down regulation of genes involved in early and late events
of infection.

Macrophages play an important role in clearance of apoptotic cells and
microorganisms. Phagocytosis represents an early and crucial event in triggering host
defenses against invading pathogens. Several receptors have been implicated in
promastigote binding to macrophages. The complement receptor apparently plays a
major role in taking of different Leishmania species. It is known that the type of
receptor involved on Leishmania phagocytosis, influence the parasite fate. Different
microbe-recognition receptors induce different signaling pathways, and these signals
interact cooperatively to mediate ultimate responses to particles. We found that there
was a down regulation in response to L. amazonensis of genes encoding for surface
receptors such as Fc receptor, already known to be involved in parasite recognition. In
contrast, other receptors were up regulated in response to L. amazonensis but were not
previously related to Leishmania infection such as CD14 and SR.

Of particular interest, we observed for the first time an involvement of SR in
Leishmania infection. We showed in vifro as well as in vivo that in response to L. major
infection there is an up regulation of MARCO SR, providing indirect evidence that

MARCO plays a role in parasite binding or internalization. In mice, MARCO is
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expressed constitutively in macrophage of the spleen and lymph nodes, but is up
regulated in bacterial infections in macrophage of most tissues (16-18). Similarly, we
observed a higher expression of MARCO in L. major-infected lymph nodes. This
expression pattern suggests a role for MARCO in resistant response to L. major. The
presence of MARCO may be related not only to the clearance of apoptotic cells, as
other scavenger receptors, but it may also contribute to L. major recognition and killing.
Indeed, recent studies have shown that MARCO expressed in alveolar macrophages
plays a role not restricted to environmental particle binding, but also in antimicrobial
host-defense (19).

Whereas it is clear that other SRs participate in the phagocytosis of microbes, it
is likely that MARCO may contribute to Leishmania binding, while other co-receptors
generate the internalization signals. Studies have demonstrated that the simultaneous
binding by different phagocytic receptors might produce synergistic effects.

Macrophage from mice lacking B2 integrin (and therefore CR3) respond normally to

LPS with respect to induction of some genes such as TNF-a and IP-10, but are deficient
in LPS-induced activation of genes such as COX-2, IL-12 p40 and IL-12 p35 (20).
Thus, these two receptors cooperate in generating the ultimate inflammatory response
and suggest that signaling by phagocytic receptors may influence or modify pro-
inflammatory signaling through other receptors.

During receptor-mediated phagocytosis of the promastigote-stage of the parasite,
macrophages elicit a respiratory burst (21, 22). Our data demonstrated that enzyme such
as catalase which eliminates H,O, and others antioxidant enzymes are induced in L.
amazonensis infection. Consistent with this result, previously we showed that L.
amazonensis inhibits the HO; production in CBA mouse macrophages (2). Thus it is

possible that H,O; inhibition will be related to up-regulation of antioxidant enzymes and
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enzymatic mechanisms to detoxify reactive oxygen species, known to be important in
host defense during the early stages of Leishmania infection (23, 24).

It has been demonstrated that, during the early stages of infection, activated
macrophages release IFN-o/f that functions in an autocrine manner to stimulate the
release of low levels of NO (25). These low levels of NO are insufficient for parasite
killing but play a key role in modulating IL-12 activation of NK cells. Release of IFN-y
by NK cells then activates macrophages for induction of iNOS and release of large
amounts of NO for killing of intracellular parasites (25). These findings suggested that
low levels of iNOS-derived NO released by autocrine production of IFN-o/f3 during
early stages of infection is a prerequisite for cytokine signaling and function in innate
immunity. We observed the inhibition of IFN-o/} receptor expression in L.
amazonensis infection. The inhibition of IFN-o/B receptor by L. amazonensis is one of
the possible mechanisms used by L. amazonensis to avoid macrophage destruction. It is
possible that in L. major-infected CBA macrophages with low levels of released NO in
response to IFN-o/f3 production will interact with superoxide ions leading peroxinitrite
production that is an important microbicidal molecule (26-28).

Cell function depends on multiple signaling pathways that control proliferation,
differentiation or apoptosis (29). It is known that the activation of tyrosine phosphatases
plays a major role in the deactivation of MAPKs in Leishmania-infected cells (30, 31).
Impaired tyrosine phosphorilation and activation of MAPK could be potentially
explained by the action of a tyrosine phosphatase. Indeed, incubation of cells prior to
infection with sodium orthovanadate, a phosphatase inhibitor, restored MAPK
activation as well as the expression of both c-fos and iNOS. These findings are
consistent with a model in which infection induces the activation of cellular

phosphotyrosine phopsphatases, leading to cell deactivation (32). In our data we found
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that in response to L. amazonensis infection it was observed a down regulation of genes
related to groups of protein kinases as well as an up regulation of phosphatase genes.
Perhaps, in L. amazonensis-infected macrophages phosphatase induction is responsible
to macrophage desactivation. Furthermore, it is possible that a Leishmania-derived
phophatase with activity towards MAPK will also participate in macrophage
deactivation.

Activation of gene transcription and in consequence cytokine and chemokine
production during phagocytosis is a critical step in the development of an effective
immune response. TNF-o. has been shown to be involved in parasite killing in a process
that depends on NO production, and endogenously produced TNF-a has been reported
to be necessary for in vitro NO production by macrophages (33-36). Our data
demonstrated that genes related to TNFR, TRAF are up-regulated in L. major and not in
L. amazonensis infection, reinforcing the protective role of this cytokine. In previous
publication we demonstrated that L. major-infected cells showed a higher TNF-a
expression in comparison to L. amazonensis infection (2). Furthermore, TNF-o added to
the culture enhanced both L. amazonensis- and L. major-killing by macrophages (2).

On the other hand, genes related with cytokine which function as macrophage
deactivators, such as IL-10 receptor and MAD are induced in L. amazonensis infection.
These data suggest that L. amazonensis induces macrophage deactivation by inhibition
of inflammatory cytokines and induction of anti-inflammatory cytokine. IL-10 has been
previously implicated in disease progression and long-term persistence of Leishmania in
both human and experimental animal infection (37-40). It is also known to be
synthesized by a variety of cells, including macrophage. IL-10 can inhibit the
production of several cytokines, including TNF-a and IL-1B, as well as NO in

macrophages (38, 41, 42). There is limited information about the role of IL-10 in L.
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amazonensis infection (43, 44). Recently, was demonstrated that saliva enhanced
infectivity of L. amazonensis parasite by stimulating IL-10 production in macrophages
and T cells (45). In Leishmania-infected CBA macrophage, the early production or
inhibition of TNF-a or IL-10 may influence parasite survival.

Results herein strongly suggest that factors related to parasite species drive
differential transcriptional program in early infected macrophages that are related to
different infection outcome. These data may contribute to understanding strategy of
intracellular survival and its possible consequences in immune response to Leishmania

that determine protection or susceptibility in CBA mice.
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LEGENDS

Table I - Differentially expressed genes in early events (3, 6 and 12h) of infection were
accessed by using the SAM software (11). Listed genes were selected based on
statistical analysis of differential expression in L. amazonensis- related L. major-

infected cells, with a method based in a modification of Student’s 7 test.

Table II - Differentially expressed genes in late events (24 and 72h) of infection were
accessed by using the SAM software (11). Listed genes were selected based on
statistical analysis of differential expression in L. amazonensis- related L. major-

infected cells, with a method based in a modification of Student’s 7 test.

Figure 1 - SOM clustering of genes regulated in L amazonensis- or L. major-
infected macrophages. Clustering analyses of gene expression through both L.
amazonensis and L. major infection were performed to visualize patterns of differential
expression which were not selected by the stringent statistical criteria previously
described. These two selected clusters contain genes with increased expression in L.
major infection. The yellow and blue cells identifies the up and down regulation of gene
expression in the infection process, according to the scale in the upper left area, which
represents the log, transformation of the ratio between infected and control mRNA

hybridization level.
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Figure 2 - L. major infection in vitro, induce higher MARCO receptor expression in
comparison to L. amazonensis infection. MARCO expression was determined in PEC
macrophages infected with stationary phase promastigotes at a ratio 10:1. After twenty
four hours of infection these cells were stained with monoclonal antibody anti-MARCO
and its binding was detected by flow cytometry. Each symbol represents the percentage
of MARCO expression in L. amazonensis- or L. major-infected cells related to
expression in control uninfected macrophages and the horizontal bars the mean
expression of five experiments. MARCQO expression in control uninfected macrophages
was considered 100% (13.70+4.62; n=5). Difference indicated in the figure was

considered significant when p<0.05 (Student’s £ test).

Figure 3 — In vivo induction of MARCO expression by L. major. After 7 days of L.
major or L amazonensis infection lymph nodes were collected and analyzed by
immunohystochemstry with antibody against MARCO. Saline injected CBA mice were
used as negative control infected mice. Strong expression of MARCO was found in
lymphoid follicles from L. major-infected mice (arrows). Lymph nodes from control
non-infected mice (A); L. amazonensis-infected mice (B); L. major-infected mice

(C,D).
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TABLE | - Early expression of g in L. amaz is- or L. major-infected M®
Genes/Fuction L. amazonensis vs. L. major

Induced Repressed
tory lymphocyte antigen 6 lex; locus E apalipoprotein E
response piatelet factor 4 cysteine rich intestinal protein
Zinc finger protein 36; C3H type-like 2 glucose phosphate isomerase 1
tumor necrosis factor receptor superfamity
histocompatibility 2; T region locus 10
SAM domain and HD domain; 1
tumor rejection antigen gp96
serum amyloid A 3
Fc receptor; 19G; fow affinity Iib
CDA7 antigen
arginase 1; liver
histocompatibility 2; T region locus 17
interferon (alpha and beta) receptor 2
chemokine (C-X-C matif) ligand 1
ninjurin 1
basigin
CD52 antigen
metallothionein 1

Apoptosls programmed celt death 5
Bcl2-associated athanogene 3

signal G protei

pied receptor 44 N-myc downstream regulated Protein kinase inhib.

activin receptor IIB
hypothetical protein MNCb-4137
adrenergic receptor; alpha 2a

mitogen activated protein kinase kinase kinase 1
tumor protein D52
pleckstrin homology; Sec? and coiled/coil domains

MAP/mi affinity-r g kinase 2
inositol 1;4;5-triphosphate receptor 5
mitogen-activated protein kinase kinase kinase kinase 4
annexin A2

protein tyrosine phosphat ceptor type 1
RAS-like; family 2; locus 9

RIKEN cDNA 2900073G15 gene

RIKEN cDNA 1110038P24 gene

transmembrane 4 superfamily member 7

RIKEN cDNA 1810033K10 gene

phosphdlipase A2; group V1| (PAF acetythydrolase)
SH3 domain protein 3

split hand/foot deleted gene 1

RIKEN cDNA 1110008824 gene

RNA binding motif protein

RNA binding protein regulatory subunit

Protein synthesis seven in absentia 18

chaperonin subunit 5 (epsilon)
folding and degrad. :

opain) subunit; alpha type 7

P P
ubiquitin-like 5

p P subunit; beta type 3
ubiquitin-activating enzyme E1; Chr X
ubiquitin-like 5

proteasome (prosome; macrop.) subunit; beta type 1
proteasome (prosome; macrop.) 26S subunit; ATPase 2
proteasome {prosome; macrop.) subunit; beta type 4
proteasome (prosome; macrop.) 26S subunit; non-ATPase; 8
p (prosome; op.) subunit; beta type 5

RIKEN cDNA 1600023E10 gene

RIKEN cDNA 2300001E01 gene

hypathetical protein MGC6696

prajat; RING-H2 motif containing

Metabollsm catalase CDP-diacyiglycerol synthase 2
prolyt 4&-hydroxylase; beta polypeptide RIKEN cDNA 9530090G24 gene
hemoglaobin alpha; adutt chain 1 ATP citrate lyase
malate dehydrogenase; soluble aminolevutinic acid synthase 1
t i 2; mitoc.  omithine decarboxylase antizyme
o ia ligase (gl i thase) adeny inate synth 1; muscie
loricrin triosephosphate isomerase
transcription factor AP-2; gamma ATPase inhibitor
polipoprotein B editing plex 2 hexokinase 2
solute cerrier family 2 (facilitated glucose transporter)
chioride intracellufar channel 1
solute carrier family 11 (proton-coupled dival. metal ion transg
ATPase; Cu++ transporting; alpha polypeptide
nyp & PRoSp Y

ribophorin |l

DNAbinding/ bromodomain containing 3
RNAprocessing Wilms tumor homolog
NKBS transcription factor related

small nuclear ribonucleoprotein D2

lymphobiastomic leukemia

RIKEN cDNA 0810001806 gene

even skipped h ic gene 2 hy log matrin 3

ribonucleic acid binding protein S1 origin recognition complex; subunit 3-like (S. cerevisiae)
small nuclear ribonucleoprotein polypeptide G

X-box binding protein 1

RIKEN cDNA 0610009D07 gene

U6 snRNA-associated SM-like protein 4

SWI/SNF related; matrix assoc.; actin dep. regulator of chrom
cleavage stimulation factor; 3' pre-RNA subunit 2; tau
splicing factor 3b; subunit 1; 155 kDa

RIKEN cDNA 6230400018 gene

DNA methyttransferase 3A

nuciear fragile X mental retardation protein interacting protein
RIKEN cDNA 0610040H15 gene

RIKEN cDNA 2310003F16 gene

similar to high-glucose-regulated protein 8

schiafen 2

integral membrane protein 2C

RIKEN cDNA 18100101L20 gene

S100 calcium binding protein A8 (calcyclin)
RAN; member RAS oncogene family
schiafen 2

$100 caicium binding protein A1

$100 calcium binding protein A10 (calpectin)

yclin-dependent kinase 1C (PST)

absent in melanoma 1

arginine-fich; mutated in early stage tumors
hypothetical protein MGC30562
upregutated during skeletal muscie growth 5

Blogenesis vacuolar/  coated vesicle membrane protein
Vesicular traffick

Cytoskeleton tubulin; alpha 3
RIKEN cDNA 241000221 gene



TABLE Il - Late expression of genes in L. amazonensis- or L. major-infected M®

Genes/Fuction

L. amazonensis vs. L. major

Induced

10 receptor; beta

Signal transduction

Pratein synthesis
folding and degrad.

integrin beta 1 (fibronectin receptor beta)
chemokine (C-C matif) receptor 5

B-cell linker

histocompatibility 2; D region locus 1
scavenger receptor class B; member 2

fibroblast growth factor inducible 14
SH3-domain GRB2-like Bt (endophilin)
integral membrane protein 28

striatin; calmodulin binding protein 3

TRAF family member-associated Nf-kappa B activ.
protein phosphatase 1;

MAD homoiog 2 (Drosophila)

protein kinase C; deita

mitogen activated protein kinase 14

similar to Ras GTPase-activating protein 1; (RasGAP)
guanine nuclectide binding protein (G protein)
RAS-like; family 2; locus 8

casein kinase 1; alpha 1

inosine S-phosphate dehydrogenase 2

inosine S-phosphate dehydrogenase 2
reticulocaibin 2

protein tyrosine phosphatase; receptor type; E
protein tyrosine phosphatase 4a2
annexin A1

RIKEN cDNA 2810425K19 gene

RAN binding protein 1

RIKEN cDNA E430034L04 gene
tumor protein D52

postsynaptic protein Cript

tumor differentialiy expressed 1
tyrosine 3 eta d
platelet-activating factor acetythydrolase
ribosomal protein L30

ribosomal protein L18

ribosomal protein L10A

RIKEN cONA 261001 1N 19 gene
RIKEN cDNA 2700079K05 gene
ribosomal protein L8

heat shock protein 1 {chaperonin 10)
heat shock protein 1 {chaperonin)
t-complex protein 1

DnaJ (Hsp40) homotog

chaperonin subunit 4 (delta)
chaperonin subunit 8 (theta)

p (pi ! opain)
RIKEN cDNA 2700059C12 gene
ring finger protein 11

ubiquitin specific protease 14

p p P subunit
ubiquitin-like 3

prajat; RING-H2 motif containing
SMT3 (supressor of mif two; 3)
Nedd4 family interacting pratein 1
RIKEN cDNA 2300001EQ1 gene
RIKEN cDNA 2400006A 19 gene

itrate dehydrogenase 1 (NADP+); soluble
alcohol dehydrogenase 5 (class Hit); chi polypeptide
thioredoxin domain containing

Y P ¥

p dehydr i ide) beta
RIKEN cDNA 0610038L10 gene
hypaxia inducible factor 1; alpha subunit
NADPH cytochrome B5 oxidoreductase
transaldolase 1
inosine 5-phosphate dehydrogenase 2
transl of inner mitochondrial by
malate dehydrogenase; mitochondrial
voltage-dependent anion channe 2
syntaxin binding protein 3

2 geii: int 1

mitochondrial carrier homolog 2

factor A (1) 1

factor B (SIII)
eukaryotic transiation initiation factor 3
similar to Transcription factor BTF3
retinobiastoma binding protein 7
trans-acting transcription factor 3
transcription factor 12

RIKEN cDNA 1500010824 gene

von Hippel-Lindau binding protein 1
p300/CBP-associated factor

prothymosin alpha

kidney cell line derived transcript 1
upreguiated during skeletal muscle growth 5

core binding factor beta
h nuclear in K
small nucleer ribonucieopratein £

H3 histone; family 3A

high mobility group nucieosomal binding domain 1
RNA binding motif protein

zinc finger RNA binding protein
metallothionein-i activator

nucieophosmin 1

polymerase (RNA) It (DNA directed)
chromodomain helicase DNA binding protein
h nuclear ri in H1
H2A histone family; member Z

nuclease sensitive element binding protein 1
zinc finger protein 207

Sad .

step i splicing factor SLU7

splicing factor; arginine/serine-rich 2 (SC-35)
H2A histone family; member X

budding uninhibited by imi 3
hypothetical protein MGC37309

RIKEN cDNA 1810080016 gene

valosin containing protein

matrin 3

quaking

RIKEN cDNA 1810003N24 gene

embryonic d
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TABLE 1l - Late expression of genes in L. amazonensis- or L. major- infected Md-continued

Genes/Fuction

L. amazonensis vs. L. major

Blogenesls vacuolar/
Vesicular traffick

Induced

RIKEN cDNA 2610002D06 gene
RIKEN cDNA 1700025818 gene
syntaxin 12
bectin 1
ATPase; H+ sporting; Iy i
RAB718 member RAS ancogene amily
vacuolar protein sarting 29 (S. pombe)
RAB12; member RAS oncogene family
coatomeyr protein complex
vacuolar protein sorting 35
COP3 (constitutive ph i
golgi reassembly stacking protein 2
vesicle-associated membrane protein 8
vacuolar protein sorting 4b (yeast)
gamma-glutamyt hydrolase
lysophosphalipase 1

RAB2; member RAS oncogene family
vesicle-associated membrane protein 4
vacuolar protein sorting 35

Down syndrome critical region gene 3
beta-glucuronidase

RIKEN cDNA 5730403E06 gene

golgi phosphoprotein 3

RIKEN cDNA 5830493P14 gene
EGF-like module ining;h plor-like

ing protein 1

HIV-1 Rev binding protein

Hormone

ysteine rich protein 1

dynein; cytopiasmic; intermediate chain 2
microtubule-associated protein

ARP10 actin-retated protein 10 homolog

nuciear receptor subfamity 1
RIKEN cONA 2010200123 gene
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7. CAPITULO V - DISCUSSAO GERAL

Para investigar os mecanismos envolvidos na determinagdo dos perfis de
resisténcia ou susceptibilidade a infecgdo por Leishmania em camundongos CBA,
utilizamos macrofagos peritoneais inflamatoérios infectados in vitro por L. amazonensis
ou L. major. Na primeira etapa do trabalho, demonstramos que ndo existem diferengas
no percentual de infecgdo e na carga parasitaria, até 6h apos a adi¢do de L. amazonensis
ou L. major. Entretanto, apés 12h, observou-se que a infec¢do por L. amazonensis foi
duas vezes maior que por L. major, evidenciando que essas celulas, mesmo sem
estimulagdo prévia, apresentam capacidade de destruir parasitos. Os dados confirmam
observagdes anteriores de que ha seletividade nos eventos envolvidos na resposta imune
inata e sugerem que os macrofagos exercem papel central na determinagdo do curso da
infecgdo.

Sabe-se que os eventos da resposta imune inata sio determinantes da resposta
imune adquirida e que macrofagos sio células importantes na defesa contra Leishmania,
pois sio células envolvidas tanto no inicio da infec¢do, fagocitando parasitos (resposta
inata), como s3o células efetoras na destruigio de Leishmania, por mecanismos
dependentes de NO (resposta adquirida) (Alexander ef al., 1992). Assim, estudar os
mecanismos inatos envolvidos na resposta a Leishmania é de importancia crucial para o
entendimento da patogénese da doenga. Portanto, a proposta desse trabalho foi avaliar o
papel de macrofagos de camundongos CBA na determinag@o da resposta imune contra
Leishmania, investigando quais os mecanismos moleculares e celulares envolvidos na
interagdo de L. amazonensis e L. major com essas células e as possiveis conseqiiéncias
dessa interag¢@o para o desenvolvimento da resposta imune.

A infecgdo de camundongos CBA por L. amazonensis ou L. major constitui um

modelo interessante no estudo da leishmaniose, pois, permite a investigagdo de
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fendmenos de susceptibilidade e resisténcia em animais com o mesmo perfil genético.
Desta forma, a avaliagdo das altera¢gdes no programa transcricional de macrofagos
infectados nesse modelo é potencialmente mais elucidativo que o uso de células de
camundongos de diferentes backgrounds genéticos explorado na maioria dos trabalhos
sobre resisténcia e susceptibilidade.

Os dados obtidos nos ensaios de DNAmicroarray evidenciam que conjuntos de
genes especificos sdo inibidos ou ativados a depender da espécie de Leishmania
envolvida. A tecnologia de DNAmicroarray nos permitiu a avaliagdo da cinética da
expressdo génica simultinea em larga escala de macrofagos infectados. De fato,
observamos que essa técnica € uma ferramenta importante para analise do estado de
ativagdo ou desativagio de macrofagos infectados, o que permite formular inimeras
hipoteses e abre perspectivas para diferentes estudos. Além disso, permite-nos entender
os mecanismos de interagdo entre macrofago e Leishmania, o que possibilita a
investiga¢io do papel do parasito em regular a expressdo de genes € modular a resposta
da célula hospedeira contra esses patogenos.

Os dados indicam que as diferengas observadas na infec¢do de macrofagos
provavelmente estejam associadas ao reconhecimento dos parasitos. Sabe-se que
receptores fagociticos podem induzir resposta inflamatoria além de influenciarem o
destino intracelular do parasito. Foi evidenciado que receptores para fatores do
complemento sdo os principais receptores envolvidos na fagocitose de promastigotas de
Leishmania. Em nosso estudo, foi observado um aumento na expressio génica de
receptores scavengers (Capitulo VI), cujo papel ndo foi ainda estabelecido na infecgéio
por Leishmania. Além disso, observamos aumento da expressio do SR MARCO, tanto

in vitro, como in vivo na infec¢do por L. major (Capitulo VI). Esses dados sugerem que,
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além dos receptores do complemento, outros receptores podem estar envolvidos no
reconhecimento de Leishmania e na ativagdo da célula hospedeira.

Os SRs tém papel importante na resposta imune inata contra outros patogenos.
Alguns estudos demonstraram a participagio de MARCO no reconhecimento de
bactérias (Brannstrom ef al., 2002; Elomaa et al., 1995; Elomaa et al., 1998). Outros
dados evidenciaram a participagdo de SR na indugdo de processo inflamatorio ¢ na
ativagdo de sinais intracelulares (Matsuno e al., 1997; Schackelford et al., 1995; Yang
et al., 1996). Os nossos dados mostraram que a resposta inicial a infecgao por L. major
parece induzir forte explosdo respiratoria com aumento dos niveis de HO, (Gomes ef
al., 2003), sugerindo que, além do receptor para o complemento, outros receptores
estejam envolvidos no reconhecimento desse parasito, uma vez que a fagocitose via
receptores do complemento ndo induz explosdo respiratoria (Mosser ef al., 1997). Por
outro lado, na infec¢do por L. amazonensis, ha inibi¢éo da produgio de H,O; e aumento
da expressdo de enzimas antioxidantes. E possivel que, no contexto da infecgdo por L.
major, a ligagdo com o receptor MARCO esteja relacionada a indug@o de sinais que
ativam macrofagos, como a indugdo de H,0,. O papel preciso de MARCO na resposta
imune inata durante a infec¢@o por Leishmania precisa ser mais bem estabelecido.

Alguns receptores de macrofagos estdo envolvidos no reconhecimento de
ligantes na superficie de promastigotas. Em alguns casos, esses receptores atuam
cooperativamente, promovendo a fagocitose do microorganismo. Foi demonstrada a
cooperagio entre CR3 e receptor manose-fucose na ligagdo e ingestdo de L. donovani
(Blackwell, 1996; Wilson er al., 1988). Além disso, LPG atua como ligante do
complemento e também de receptores como manose fucose (Chakraborty ef al., 1998).
E possivel que ligantes distintos na superficie de L. amazonensis e L. major sejam

reconhecidos por receptores distintos € promovam, em cooperagdo, a ativagdo de sinais
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intracelulares, influenciando a destrui¢do de L. major e favorecendo a sobrevivéncia de
L. amazonensis.

Nos observamos um aumento da expressdo de MAPKSs na infec¢do por L. major,
sugerindo que esse parasito induz ativagdo celular. Cinases sdo importantes ativadoras
da explosdo respiratoria, incluindo isoformas de PKC (el Benna ef al., 1994; El Benna
et al., 1996; El Benna et al., 1996; el-Benna et al., 1995; Nixon et al., 1999), PKA
(Chanock et al., 1994; De Leo et al., 1996; El Benna et al., 1996) e MAPK (Chanock et
al., 1994; El Benna et al., 1996). Estudos que utilizaram inibidores farmacologicos de
MAPKSs evidenciaram o papel modulador dessas cinases na explosdo respiratoria (El
Benna et al., 1996, Rose et al., 1997, Zu et al., 1996, Zu et al., 1998). p47phox
citosolico é diretamente fosforilada pela p38, ERK e caseina cinase II (El Benna ef al.,
1996; Park et al., 2001). A fosforilagdo por caseina cinase II de p47phox parece mediar
a desativagdo dessa oxidase (Park et al., 2001).

A inibi¢io de H,0; e a indugdo de genes que codificam enzimas fosfatases,
observadas na infec¢do por L amazonensis, evidenciam que esse parasito induz
desativagdo de macrofagos. Outros estudos reforgam esses dados, evidenciando que
Leishmania desativa macrofagos. Assim, foi demonstrado que fatores de viruléncia de
L. donovani podem levar a desativagdo de macréfagos por meio da ligagdo do fator de
elongagdo-lalpha de Leishmania com o dominio homoélogo a Src 2 contido na proteina
tirosina fosfatase 1 (SHP1) (Nandan ef al., 2002). A ativagdo e translocagdo de SHP1
torna a célula refrataria a ativagdo de sinais. A ativagio de MAPK medeia uma
variedade de eventos intracelulares, como a ativagdo do gene c-fos, que é dependente da
transloca¢do de componentes de MAPK, ERK1 e ERK2. Proteinas fosfatases podem
inativar ERK por desfosforilagio de um simples residuo. E possivel que as amastigotas

de Leishmania atenuem a fosforilagdo de tirosina de ERK1 por inibigio MAPK



52

(Nandan et al., 1999). Finalmente, baixas concentragdes de NO podem facilitar a
produgio de superoxido por ativar MAPK (Lee et al., 2000).

A explosdo respiratoria ndo tem papel aparente na produgdo de NO (Iyengar et
al., 1987), entretanto a reagdo do NO com superdxido forma peroxinitrito, importante
molécula microbicida (Augusto et al., 1996; Denicola et al., 1993; Zhu et al., 1992). Em
camundongos resistentes foi evidenciado que o mecanismo leishmanicida de
peroxinitrito e radicais derivados pode estar associado a nitragdo/oxida¢do da membrana
do parasito (Linares ef al., 2001). Os dados evidenciam que L amazonensis é um
microorganismo altamente resistente aos mecanismos de destruigdo dos macrofagos de
CBA, pois, mesmo em macrofagos ativados por IFN-y, esses parasitos resistem ao efeito
microbicida do NO (Gomes ef al., 2003). Além disso, observamos que os VPs induzidos
por L. amazonensis ndo retardam a fuséo com lisossomas (Capitulo III), refor¢ando que
essa espécie, mesmo na sua forma promastigota, resiste a mecanismos inatos, como o
ambiente fagolisossomal.

Embora todas as espécies de Leishmania sobrevivam em compartimentos
lisossomais, apenas membros do complexo Mexicana (L. mexicana e L. amazonensis)
induzem grandes vacuolos em suas células hospedeiras. Alguns dados sugerem que a
indu¢io de grandes vaciiolos esta relacionada a liberagdo de proteofosglicana do
parasito (Iig ez al., 1995). Outros estudos mostraram que L. mexicana pode adquirir
vacuolos autofagicos (Schaible et al., 1999). No presente estudo, observamos que, na
infecgdo por L amazonensis, ha aumento da expressdo de beclina, uma proteina
essencial no processo autofagico (Yue ef al., 2003). E possivel que VPs induzidos por
L. amazonensis fusionem também com vacuolos autofagicos além de fusionarem com

vesiculas da via endo/fagocitica (Veras ef al., 1994; Veras et al., 1992; Veras et al.,
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1995). Estudos em andamento em nosso laboratorio tém como objetivo determinar a
relagdo entre os VPs induzidos por L. amazonensis e a via autofagica.

Embora tenha sido observado que VPs induzidos por L. major e L. amazonensis
apresentem a mesma cinética de fusdo com lisossomos, € possivel que eles se fundam
de forma distinta a outras vesiculas intracelulares ou apresentem retardo na recirculagao
de membranas (Capitulo IITI). Nos estudos de DNAmicroarray, observamos que a
infec¢do por L. amazonensis é acompanhada de um aumento na expressdo de genes que
codificam proteinas participantes no trafego e na fusdo de vesiculas, tais como Rabs e
VAMPs (Capitulo IV). Uma variedade de proteinas Rab e (soluble N-ethylmaleimide-
sensitive fusion protein attachment protein receptor) SNAREs foi identificada em
fagossomas, incluindo Rab4, Rab5, Rab7 e Rabl1 (Cox et al., 2000; Desjardins et al.,
1994; Mosleh et al., 1998), synaptobrevinas I e II e (N-ethylmaleimide sensitive factor)
NSF (Desjardins ef al., 1997), bem como sintaxinas 2, 3 e 4 (Hackan et al, 1996). Todas
essas proteinas estdo também presentes em endossomas, sugerindo que os mecanismos
que dirigem a intera¢do entre membranas ao longo da via endocitica estdo relacionadas
com o trafego na via fagocitica. Griffts e colaboradores (Jahraus ef al, 1998)
demonstraram o envolvimento de pequenas GTPases e moléculas SNARE na fusdo
entre endossomas e fagossomas. A identificagdo da expressdo génica de proteinas
envolvidas no trafego e na fusdo de vesiculas durante a infec¢do por L. amazonensis
permite-nos especular sobre a participagdo dessas proteinas na formagio dos grandes
VPs associados a esses parasitos. Estudos devem ser feitos para avaliar o papel dessas
proteinas, cuja expressdo génica foi detectada no nosso modelo.

A modulagdo da expressdo de citocinas, quimiocinas e seus respectivos
receptores pode ter importantes efeitos reguladores sobre a resposta imuno-inflamatoria,

por afetar a polaridade de células T e a reatividade de macrofagos a sinais inflamatérios.
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A expressdo de TNF- o por células infectadas com L. major e o aumento da destruigdo
desse parasito, apos a adigdo dessa citocina, reforgam o seu papel protetor. Além disso,
observamos, nos estudos de microarray, um aumento na expressdo do gene do TNFR,
em células infectadas por L. major. E possivel que, na infecgio por L. major, o
incremento na produgdo de TNF- o (Gomes ef al., 2003) e TNFR (Capitulo 1V) esteja
relacionado com a ativagdo da explosdo respiratoria detectada nos estudos de produgédo
de HyO, (Gomes et al., 2003). Dados evidenciam que TNF- a estimula a explosdo
respiratoria por induzir o aumento da transcri¢do de p47phox e p67phox em macrofagos
(Green et al., 1994). A produgdo de ROI também estimula o incremento da produg@o de
TNF- o por macrofagos.

IL-10 e TGF-P sdo citocinas produzidas apos a infecgdo por Leishmania. Essas
citocinas promovem a replicagdo do parasito e sdo importantes fatores na determinagdo
da susceptibilidade (Barral ef al., 1993; Kane ef al., 2001). No nosso modelo, a
expressdo de TGF-B, IL-10 (Gomes ef al., 2003) e receptor para IL-10 (Capitulo IV) em
macrofagos infectados por L. amazonensis evidencia, mais uma vez, a desativagdo de
macrofagos, induzida por esse parasito, e reforca o papel dessas citocinas na
determinag@o da susceptibilidade a infec¢do por Leishmania.

Quimiocinas s3o importantes reguladores do recrutamento apropriado de células
efetoras para os sitios de inflamag@o. Nossos dados mostraram que ha um aumento da
expressdo de CCR5 em células infectadas por L. amazonensis. E conhecido que ligantes
de CCRS5 estdo envolvidos no desenvolvimento de célula Thl (Bonecchi ef al., 1998).
Entretanto, foi demonstrado que camundongos deficientes em CCRS5 e MIP-1a, sdo
capazes de controlar a replicagdo de L. donovani, indicando um possivel papel deletério
dessas moléculas na infec¢do por esse parasito (Bhattacharyya et al., 2002). No nosso

modelo, o papel de CCRS5 precisa ser mais bem investigado.
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A intera¢do de L. amazonensis com macrofagos de CBA evidencia a eficiéncia
dos mecanismos de evasdo desse parasito; em contrapartida, a interagdo com L. major
demonstra a capacidade do macréfago em controlar a infecgdo por esse patogeno. Os
resultados do nosso trabalho indicam que L. major é indutora de uma resposta mais
potente do hospedeiro que L. amazonensis. Alguns estudos tém sugerido que essas duas
espécies de Leishmania utilizam diferentes fatores de viruléncia na invasdo de
macrofagos (Colmenares ef al., 2002; Turco ef al.,, 2001) e ativam diferentes fatores
derivados do hospedeiro (Charlab et al., 1990) para seu crescimento e progressdo da
doenga (Kima et al., 2000; Soong et al., 1997). Dados de protedmica comparativa, ainda
ndo publicados por Ji and Song, indicam que existem diferengas importantes entre os
padrdes de expressdo de proteinas de promastigotas de L. amazonensis e L. major.

Embora nosso trabalho ndo tenha investigado a intera¢do de macrofagos com o
desenvolvimento de células Th, os dados indicam que a deficiéncia de uma imunidade
protetora para L. amazonensis ocorre em varios niveis, desde a interagdo inicial,
passando pelo estabelecimento do compartimento intracelular, até a inibigdo de
mediadores inatos. E possivel que o conjunto destes eventos iniciais resultem no
estabelecimento da infec¢do por L. amazonensis. Alternativamente, a interagdo de L.
major com o macroéfago de CBA resulta na ativagdo e na inibigdo de um conjunto de

moléculas que induzem controle do nimero de parasitos e cura da doenga.
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8- CONCLUSOES

1- Macréfagos de camundongos CBA/J sdo resistentes a L. major, entretanto eles sdo

permissivos a L. amazonensis.

2- L. amazonensis resiste e desativa mecanismos leishmanicidas do macrofago,

elementos importantes no desenvolvimento da resposta imune adquirida.

3- L. major ¢ susceptivel ao ambiente fagolisossomal de macrofagos de camundongos

CBA/J, enquanto L. amazonensis resiste a esse microambiente.

4- L. major e L. amazonensis alteram diferentemente a expressdo génica de macrofagos

de camundongos CBA/J.
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