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RESUMO

AVALIACAO DO PAPEL DAS CININAS NA INFECCAO DE MACROFAGOS POR
Leishmania chagasi. ROBSON AMARO AUGUSTO DA SILVA. A leishmaniose
visceral ¢ uma doenga sistémica causada por protozoarios que fazem parte do complexo
Leishmania donovani. Fagocitos mononucleares constituem uma populagido de células
heterogéneas com uma ampla variedade de fenotipos, diferenciagio funcional participando
tanto da imunidade inata como da adaptativa. Cisteino proteases de parasitos estdo
engajadas em varios processos como alimentagdo, infec¢do de células do hospedeiro e
evasdo da resposta imune. Cininas sdo peptideos inflamatdrios e que recentemente tém sido
envolvidas em fendmenos de invasdo. Neste trabalho, avaliamos o papel das cisteino
proteases da L. chagasi na interagdo com o sistema das cininas, no processo de entrada e
multiplicag@o dos parasitas no interior de macréfagos de hamsters € camundongos BALB/c.
[MATERIAL E METODOS] Macréfagos de baco e peritonio foram isolados por adesio
em placa de cultura de células, sendo infectados com Leishmania chagasi (5:1) por quatro
horas adicionando-se ao meio captopril, bradicinina, cininogénio ¢ HOE-140 e/ou
realizando pré-tratamento das Leishmanias com N-metilpiperazina-urea-Phe-homoPhe-
vinilsulfona-benzeno (VS) quando necessario. As células foram fixadas, coradas com H&E
e avaliadas por microscopia Optica. Os sobrenadantes das culturas foram coletados e
avaliados por ELISA quarenta e oito horas apds o experimento de invasdo.
[RESULTADOS] As taxas de infec¢do se mostraram significantemente aumentadas quando
cininogénio ou bradicinina foi adicionada aos meios de cultura. Nestas condigdes,
observou-se produgdo de IL-10 em sobrenadantes de cultura de células J774. Estes efeitos
foram revertidos pelo antagonista do receptor B2 da bradicinina (HOE-140) e pela VS. A
ativagdo do receptor B2 da bradicinina aumentou a prolifera¢io de Leishmanias no interior
de macréfagos esplénicos 72 horas apos a infecgio.[CONCLUSAO] Estes resultados
indicam que a sinalizag@o pelo receptor de bradicinina pode ser utilizada pela Leishmania
chagasi nas primeiras etapas da infecgdo, podendo ser de fundamental importincia para o
estabelecimento do parasita.

PALAVRAS CHAVE: Leishmania chagasi. Macrofagos. Leishmaniose Visceral.
Bradicinina, Infecgio.



ABSTRACT

EVALUATION OF KININ SYSTEM IN MACROPHAGE INFECTION BY Leishmania
chagasi. ROBSON AMAROQO AUGUSTO DA SILVA.Visceral leishmaniasis 1s a sistemic
disease caused by protozoa parasites from Leishmania donovani complex. Mononuclear
phagocytes participate both in innate and adaptative immunity. Parasite cysteine proteases
are engaged in different process such as feeding, host cell infection and immune response
evasion. Kinins are inflammatory peptides that have been recently involved in invasion
phenomenon. In the present study, we evaluated the role of bradykinin in macrophage
infection by L. chagasi. [METHODS] Hamster and mouse macrophages were isolated from
spleen and peritoneum by adherence in tissue culture plates. Cells were infected by L.
chagasi at (5:1) ratio for four hours adding to cultures captopril, bradykinin, kininogen,
HOE-140 or N-metilpiperazina-urea-Phe-homoPhe-vinilsulfona-benzeno (VS) to evaluate
different parameters. Phagocytes were fixed and stained with H&E. Culture supernatants of
J774 cells were collected and evaluated by ELISA 48 hours after infection. [RESULTS]
Infection rate were evaluated by optical microcopy 4 and 72 hours after infection. Infection
rate was significantily enhanced when kininogen and bradykinin were added to culture. In
these conditions J774 cells produce IL-10 48 hour after infection. Addition of bradykinin
receptor antagonist HOE-140 and/or pre-treatment of Leishmania with VS, a inhibitor of
cysteine proteases, reverted these effects. Activation of B, receptor enhanced L. chagasi
growth into macrophage 72 hours after infection. [CONCLUSION] These results indicate
that L. chagasi might use the kinin receptor-signaling pathway in the first steps of infection.

KEYWORDS: Leishmania chagasi, macrophages, Visceral Leishmaniasis, Bradykinin,
Infection.



1. INTRODUCAO
1.1 Leishmaniose

Por afetar 12 milhdes de individuos em todo o mundo, a leishmaniose ¢ uma doenga
parasitdria de grande importancia para a saiide publica. Aproximadamente 350 milhdes de
pessoas estdo expostas ao risco desta infec¢do, principalmente aquelas residentes em areas
tropicais e subtropicais do planeta (WHO, 2000). Mais de dois milhdes de novas infecgdes
sdo reportadas anualmente, sendo que na Ultima década o numero de casos nas areas
endémicas tem aumentado significantemente. Esta parasitose ¢ uma doenga que se
caracteriza por ter um amplo espectro de formas clinicas, variando desde uma infecgio
assintomatica até a forma tegumentar (cutdnea e/ ou mucosa) ou visceral. A forma e a
severidade da doenca dependem da espécie de Leishmania e do estado imunolégico do
organismo (CUNNINGHAM, 2002). Atualmente acredita-se que, a disseminagdo da
leishmaniose para algumas 4reas nfo endémicas do mundo pode esta relacionada com a co-
infec¢do pelo HIV (WHO, 2004).

O género Leishmania, um grupo de protozoarios flagelados da familia
Triponosomatidae, ordem Kinetoplastida, tem formas morfolégicas diferentes nas varias
etapas do seu ciclo de vida — amastigota, promastigota. A amastigota possui forma redonda
ou oval com auséncia de flagelo, podendo ser encontrada dentro do vactolo lisossomal
presente nas células fagocitdrias do organismo vertebrado. Estas células podem ser
mondcitos e/ou macréfagos que sdo ingeridos pelas fémeas dos flebotomineos quando se

alimentam de sangue contaminado (DE ALMEIDA et al., 2003), enquanto que as formas
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promastigotas sdo extracelulares, modveis, estando presente no trato digestivo do inseto
flebotomineo, e sdo inoculadas juntamente com saliva no momento do repasto sanguineo
(Figura 1).
A leishmaniose € transmitida pela picada de insetos dos géneros Lutzomyia

(Novo Mundo) e Phiebotomus (Velho Mundo) (NEVES et al., 2000) infectados com o
parasita, durante o repasto sanguineo em hospedeiros mamiferos e outros animais. No
momento do repasto sanguineo, promastigotas metaciclicas sdo inoculadas na pele do
hospedeiro juntamente com produtos da glandula salivar (TITUS & RIBEIRO, 1998). Ha
aproximadamente 21 espécies de Leishmanias, transmitidas por aproximadamente 30
espécies de flebdtomos (CUNNINGHAM, 2002).

As formas promastigotas s@io fagocitadas por macréfagos e se instalam no interior
de fagolisossomos, onde se diferenciam em formas amastigotas, sobrevivendo e
multiplicando-se rapidamente (REY, 1991). A Leishmania tem desenvolvido uma
variedade de mecanismos de adaptagfio, ndo somente para sobreviver no interior do inseto,
mas também, para evadir da resposta imune do hospedeiro vertebrado, e assim permitir a
sua sobrevivéncia dentro do macréfago (DE ALMEIDA, 2003; CUNNINGHAM, 2002).

Entre as formas clinicas das leishmanioses, a leishmaniose visceral (LV) ou calazar
constitui uma das formas mais grave, pois, quando n3o tratada adequadamente leva a
elevados indices de letalidade. Embora amplamente distribuida no mundo, ocorre
principalmente nas regides tropicais e subtropicais da Asia, Oriente Médio, Africa e
Americas (GRIMALDI et al., 1989). Espécies que podem causar leishmaniose visceral
pertencem ao subgénero L. (Leishmania) sendo L. donovani e L. infantum preseﬁtes no
Velho Mundo € L. chagasi no Novo Mundo. Embora diferentes no nome e origem

geogréfica, estudos moleculares tém sugerido que L. infantum e L. chagasi pertencem a

13



mesma espécie (MAURICIO er al., 2000). L. donovani e L. infantum/chagasi usualmente
causam disseminagdo da doenca em humanos e a maioria dos casos de leishmaniose
visceral pode ser atribuida a elas. Entertanto, existe consideravel sobreposigdo das
manifestagdes clinicas causadas pelo género Leishmania, ocorrendo casos reportados de
lesdes cutaneas causadas por L. chagasi e casos de leishmaniose visceral causadas por L.
amazonensis (BARRAL, 1991) e L. tropica (DE ALMEIDA et al., 2003).

Leishmaniose visceral (LV) causada por L. chagasi é endémica em algumas areas
do Brasil, entretanto, a maioria das infecgdes nestas regides € subclinica (assintomatica). A
LV ¢ caracterizada por grande multiplicagdo do parasita na medula dssea, figado e bago,
conduzindo a uma severa perda de peso, hepatoesplenomegalia, anemia, leucopenia, e
trombocitopenia. O desenvolvimento da doenga clinica é possivelmente relacionado com o

estado nutricional, idade entre outros fatores (BARRAL e al., 2000).
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Figura 1 - Ciclo biolégico de Leishmania spp. (modificado de www.wehi.edu.au).
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1.2. Imunidade

A infec¢do experimental de camundongos com promastigotas de L. major é, talvez,
um dos modelos mais estudados de infecgdo cronica, e que envolve a ativagdo de células T
CD4+ do tipol (Thl) e do tipo2 (Th2). Células Thl e Th2 produzem tipos de citocinas
diferentes, células Thl secretam citocinas ativadoras da imunidade celular como o
interferon gama (INF-y), enquanto que células Th2 secretam citocinas como a interleucina
4 (IL-4), que além de induzir a produgdo de anticorpos da classe de [gGl e IgE, também
atuam inibindo varias fung¢des do INF-y (SACKS et al., 2002; ROGERS et al., 2002).

Os fagdceitos mononucleares constituem uma populagdo heterogénea de células com
uma grande variagdo de fendtipos e diferenciagdes funcionais (MANTOVANI et al., 2002).
Estas células estdo envolvidas em uma variedade de processos patoldgicos e atuam como
uma ponte importante entre a resposta inflamatoria aguda e a resposta inume adaptativa.
Macrofagos e células dendriticas exercem um papel critico na génese e progresso das lesdes
de parasitas intracelulares produzindo grandes quantidades de interleucina-12 (IL-12)
(ENGWERDA et al., 2004; DJALMA et al., 2004).

Ap6s serem inoculadas no hospedeiro pelo flebétomo, as promastigotas se ligam a
receptores especificos expressos na superficie de macréfagos e sdo internalizadas por
fagocitose mediada por receptor (ROSENTHAL et al., 1996). Esta intera¢do inicial é
essencial para o estabelecimento da infecgdo no hospedeiro. Alguns autores tém mostrado
evidéncias do envolvimento de uma série de ligantes e receptores, na adesdo de
promastigotas em macrofagos (BLACKWELL et al., 1985; HANDMAN et al, 1985;
ROSENTHAL et al., 1996). Embora promastigotas se ligem a macréfagos na auséncia de

soro, pelo receptor de manose, a ligagdo na maioria das vezes envolve receptores do
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complemento (CR1 e CR3 (Mac-1) ) (DESCOTEAUX & TURCO, 2002). Glicoconjugados
de superficie, incluindo o LPG e gp63, também exercem papel importante nos processos de
adesdo. Embora a exata contribuigdo das varias moléculas de superficie de Leishmania
envolvidas nos processos de adesdo ainda necessite ser totalmente esclarecida, estd claro
que, tanto a utilizago de CR1 como de CR3 pode favorecer a sobrevida de promastigotas
de Leishmania. Estes receptores promovem a fagocitose sem a ativagdo do estresse
oxidativo. Além do mais, a ligagdo de CR3 resulta na inbi¢do da produgio de IL-12
(DESCOTEAUX & TURCO, 2002). Neste contexto, as promastigotas de Leishmania
podem previnir a ativagdo de macrofagos diminuindo a produgdo de 6xido nitrico e de
citocinas pro-inflamatoérias incluindo I1L-12 (DESCOTEAUX & TURCO, 2002).

Os macroéfagos constituem o reservatdrio primdrio na leishmaniose cutanea e sdo as
primeiras células a se tornarem infectadas apos a inoculagdo dos parasitas na pele. Estas
células fagocitam promastigotas de Leishmania sp. bem como as formas amastigotas do
parasita quando liberadas pela lise das células do hospedeiro. Os macréfagos sdo
responsaveis pela eficiente eliminagdo de Leishmania pela produgdo de Oxido nitrico
mediada por interferon gama (INF-y) (revisto em STEBUT & UDEY, 2004). Entretanto, a
infec¢do de macrofagos pelo parasitas ndo induz a sua ativag@o, e nem a sua migragio para
os linfonodos drenantes (UDEY, 2004).

Em contraste com os achados com os macréfagos, evidéncias recentes indicam que
células dendriticas sdo células apresentadoras de antigeno (APC) relevantes para a resposta
imune primdria. A infec¢do de células dendriticas induz a sua maturagdo/ativagio,

ocorrendo uma diminui¢do da expressdo de E-caderina, molécula esta que facilita a
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aderéncia de células de Langerhans a queratindcitos na epiderme, e assim colaboram com a
sua saida da epiderme e sua condug¢do para os linfonodos (UDEY, 2004).

As citocinas s@o fatores criticos que regulam a diferenciagdo de células TCD4+,
sendo a IL-12 um fator chave para a polarizagdo Thl. Esta citocina é um heterodimero
(p70) composto por p40 e p35. A sinalizagdo pelo receptor da IL-12 induz, pela
fosforilagdo da serina respostas bioldgicas mediadas por STAT4. A IL-12 leva a produgéo
de INF-y por linfocitos T e células NK (revisto em BASTOS et al., 2004; UDEY, 2004).
Desta forma, a [L-12 ndo € apenas um elemento conectivo entres células acessorias, mas
uma molécula para a difusdo de informagdo entre estas células.

Os roedores tém sido extensivamente utilizados como modelos de estudo da
leishmaniose visceral, sendo que, nesses modelos tém se observado uma resposta imune
tecido especifica. Camundongos podem ser resistentes ou susceptiveis & infec¢do, mas
mesmo animais susceptiveis podem apresentar cura de infec¢do (STEBUT et al, 1998).
Assim, constituem melhores modelos para se o estudo de infec¢Ses auto-limitantes ou
subclinicas, do que a doencga visceralizante disseminada. Ao contrario, hamsters
desenvolvem doenga progressiva, onde os parasitas se multiplicam no figado, bago, e
medula éssea causando, eventualmente, morte do hospedeiro (STEBUT et al, 2000).
Surpreendentemente, ocorre uma quantidade significante de RNA mensageiro para
citocinas do tipo Thl como INF-y, IL-2 ¢ TNF-a no bago de hamsters infectados com L.
donovani (UDEY, 2004). Embora pouco ou nenhum mRNA para IL-4 seja encontrado,
quantidades apreciaveis de mRNA para TGF-f3 e [L-10 estdo também presentes nos sitios

de infecg¢do desses animais.
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Infelizmente, ainda ndo existem vacinas efetivas contra a leishmaniose. Assim o
controle desta enfermidade € baseado principalmente na quimioterapia. A disponibilidade
de farmacos € bastante limitada. O antimonial pentavalente tem sido utilizado por um longo
tempo na terapia anti-Leishmania e ainda desempenha um papel chave no tratamento, mas a
resisténcia a esta classe de fArmacos esta se tornando tdo elevada em algumas partes do
mundo, que vem se tornando obsoleta (OULLETTE et al., 2004). Uma segunda linha de
medicamentos, como a pentamidina e a anfotericina B, apresenta elevada toxicidade e
grande custo, mostrando a necessidade do desenvolvimento de novas alternativas de
controle desta patologia. Para o desenvolvimento de novos fiarmacos destinados ao
tratamento da leishmaniose é necessario o conhecimento das vias metabdlicas utilizadas
pelos parasitas, tanto para a entrada como para a sua sobrevida nas células do hospedeiro.
Atualmente, estd bem estabelecido que proteases de parasitas sdo alvos promissores para o
desenvolvimento de vacinas e medicamentos (McKERROW et al., 1999). As proteases sdo
hidrolases que catalisam a quebra de ligagdes entre aminoacidos de moléculas de proteinas
e tém sido identificadas em sistemas biologicos de que vdo desde virus até vertebrados.
Entre as vérias proteases descritas, o grupo das cisteino proteases tem chamado a atengdo
pelo reconhecimento que sua participagdo € essencial para o ciclo de vida e patogenicidade
de muitos parasitas (SAJID & McKERROW, 2002). Além disso, a maioria das proteases
descritas em Trypanosoma cruzi, T. brucei e varias espécies de Leishmanias sdo cisteina
proteases.

Em busca de um farmaco antiparasitario que possua uma alta atividade interferindo
em mecanismos que sejam essenciais ao parasita sem, no entanto, causar danos ao
hospedeiro, muitos autores tém analisado o papel das cisteino proteases nas interagdes do

parasita com o hospedeiro, e assim explorando a possibilidade do uso terapéutico de
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inibidores destas proteases. Existem varias razdes para otimismo, entre elas, o fato desses
inibidores afetarem a sobrevida do microorganismo, bem como a existéncia de varios

compostos inibidores disponiveis, sendo que alguns destes ja estdo sendo utilizados em

estudos clinicos (COOMBS & MOTTRAM, 1997; FRAME., 2000).

1.3. Cisteino Proteases

Cisteino proteinases (CP) de parasitos tém sido implicadas em vérios processos
como diferenciagdo, nutrigdo, infecg¢do de células do hospedeiro e evasio da resposta imune
(KLIMBA et al., 2002; SAJID et al., 2002; ROSENTAL et al., 1999). Varios relatos na
literatura tém mostrado sua presenca em Trypanosoma cruzi (NERY et al, 1997),
Leishmania mexicana (ALVES et al., 2001) e Leishmania donovani (SOMANNA et al.,
2002). Em Leishmania, tanto cisteino como metaloproteases t€ém sido identificadas como
fatores de viruléncia. Trés “loci” de genes codificadores para cisteino proteases tém sido
mostrados em L. mexicana como fatores de viruléncia. O gene /mcpa codifica uma protease
catepsina sendo expresso em promastigotas metaciclicos e amastigotas. O gene Imcpb
codifica uma CP cuja atividade ¢ maior em amastigotas, enquanto que o gene /mcpc
codifica uma catepsina expressa em todos os estagios do ciclo de vida do parasita. A
localizagdo em lisossomos do parasita aponta uma fungéo de degradagio protéica para estas
enzimas (revisto em KLEMBA & GOLDBERG, 2002). POLOCK e colaboradores (2003),
demonstraram que, cisteino proteases de L. mexicana podem interferir no balango Th1/Th2
devido a alta producéo de IL-4, bem como apenas a forma ativa da enzima (CPB2.8) pode
induzir a produgdo de IgE. Neste contexto, DENISE e colaboradores (2003), mostraram

que a expressdo de multiplos genes codificando cisteino proteases € requerida para a
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viruléncia do parasita in vivo, pois, cepas mutantes para esses genes causaram lesdes
menores em camundongos. Nestes animais, ocorre também uma menor producio de IL-4,
confirmando os dados anteriores, onde cepas de L. mexicana deficientes em cisteino
proteases, apresentam menor viruléncia, e de propiciam uma potente resposta Thl com
grande produgdo de IFN-y e IL-2 (ALEXANDER et al., 1998).

A cruzipaina constitui a principal cisteino protease expressa por I. cruzi. Sendo
codificada por multiplos genes, é expressa em todos os estagios do ciclo de vida do
parasita. Essa enzima tem se mostrado de fundamental importincia para a sobrevida dos
parasitas em macrdfagos murinos levando a produgdo de elevadas quantidades de IL-10 e
TGF-B, e portanto a uma diminuigéo da secregdo de IL-12 (STEPIN et al., 2002).

SCHNAPP e colaboradores (2002), mostraram que a cruzipaina induz respostas de
linfoécitos T ¢ B no modelo murino de infec¢do pelo 7. cruzi. Assim esta protease €
importante como alvo de uma resposta imune mediada por anticorpos na mucosa e esses
mecanismos de imunidade s@io relevantes na prote¢do contra parasitos transmitidos
oralmente.

O papel de cisteino proteases como bons indutores de respostas imunes, bem como
a demonstragdo de que cles assintomaticos para Leishmaniose Visceral apresentam
respostas imunes, tanto humoral como celular, contra esses peptideos (NAKHACE er al.,
2004), tem levado ao uso destas proteinas em tentativas de formulagdes de vacinas. Assim,
foi mostrado que cisteino proteases de L. infantum podem proteger parcialmente quanto
administradas com adjuvantes indutores de resposta Th1 (RAFATI el al., 2004). Ainda no
Complexo Donovani, foi demonstrado recentemente que cisteino proteases de L. chagasi

também induzem respostas imunes pela ativa¢do de linfécitos T, tanto em humanos como
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em cdes (PINHEIRO et al., 2005). Esta protease chamada Ldccys2 é expressa apenas no
estagio de amastigota e tem se mostrado importante na sobrevida desta forma de parasita no
interior de macréfagos (MUNDODI et al., 2005). Analises funcionais de CPs do Complexo
Donovani tém mostrado que essas enzimas podem clivar TGF-§3 latente transformando-o
em TGF-p ativado e assim, contribuir para a desativacdo do macréfago (SOMANNA et al.,

2002).

1.4. Papel das Cininas na Infeccio de Células do Hospedeiro

A andlise do mecanismo de a¢dio da cruzipaina revelou que esta proteina possui
atividade proteolitica sobre polipeptideos expostos na superficie celular, os cininogéneos
(NERY et al., 1997). O processamento de cininogénio de alto peso molecular pela
cruzipaina € positivamente modulado pela interagdo com o heparam sulfato, exposto no
glicocalix das células (LIMA et al., 2002; RENNE ef al., 2005).

As cininas s@o peptideos vasoativos e inflamatérios que induzem aumento de
permeabilidade vascular, vasodilatagio e aumento de sensibilidade a dor (hiperalgesia)
(revisto em CASSIM et al., 2002). Uma vez liberadas de seus precursores inativos, os
cininogénios, as cininas ligam-se rapidamente a receptores acoplados a proteinas G
regulatorias heterotriméricas, presentes em diversos tipos celulares (por exemplo, endotélio,
musculo liso). Os cininogénios sfo glicoproteinas com multidominios, sintetizadas nos
hepatécitos e secretadas na circulagdio sanguinea. Em humanos, os cininogénios podem se
apresentar sob duas formas: uma de alto peso molecular (H-Kininogen) e outra de baixo

peso molecular (L-Kininogen). A molécula de cininogénio contém uma cadeia pesada e
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outra leve (Figura 2), bem como uma seqiiéncia de peptideos que codificam cininas entre
as duas cadeias (revisto em CASSIM et al., 2002).

Bradicinina e lisil-Bradicinina sdo potentes peptideos vasoativos liberados a partir
dos cininogénios de alto peso molecular e baixo peso molecular, respectivamente, e que
foram descritas pela primeira vez na década de 40 por Rocha e Silva (CASSIM et al.,
2002). Estas cininas participam ativamente na inflamagdo (LANDGRAF et al., 2003;
EDLESTON et al., 2003), promovendo o aparecimento de seus sinais cardinais. Sdo
moléculas que participam no recrutamento de leucdcitos (SHIGENATSU et al., 1999), bem
como induzem a produgdo de citocinas pro-inflamatérias (SHIGEMATSU et al., 2002).
Além disso, as cininas participam em varios outros processos biologicos como, por
exemplo, aumentam a secre¢do de renina pelos rins e estdo também envolvidas em
processos regulatorios da pressdo arterial, diurese e excitabilidade neuronal revisado em
(CASSIM et al., 2002).

Pelo fato de estarem amplamente distribuidos no reino animal (COLON, 1999) e
terem participagdo ativa em varios processos patologicos, os receptores de cininas tém sido
amplamente estudados (MOEDA et al., 1996; LANDGRAF et al., 2003, KOUYONDIJIAN
et al., 2005). Existem dois subtipos de receptores de cininas, com diferentes especificidades
farmacoldgicas. Expresso constitutivamente, o receptor B2 (BHOOLA et al, 1992), ¢é
ativado pela bradicininina ou lisil-bradicinina. Em contraste, o receptor B1 ndo é
encontrado em tecidos normais, mas sfo induzidos por uma variedade de células no estado

inflamatorio (MARCEAU, 1998).
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Receptor B2

Receptor Bl

Figura 2. Representagdo esquematica do sistema calicreinas-cininas. Dois receptores
acoplados a proteinas G, os receptores B1 e B2, fazem parte do sistema. Enzimas (ECA,
também conhecida como cininase II, endopeptidases neutras e aminopeptidase P) clivam
cininas em sitios diferentes, 0 que resulta em inativagio biolégica. ECA- Enzima
conversora de angiotensina; AM- Aminopeptidase; CP- Carboxipeptidades N e M
(cininases I); HK- Cininogénio de alto peso molecular, LK- Cininogénio de baixo peso
molecular, PK- Calicreina plasmatica; TK- Calicreina tissular. Retirado de Marceau &

Regoli, 2004.

Quando ativados por agonistas, o receptor B, sofre intemalizagio e recirculagdo da
superficie das células, ao contrario, os receptores B, ndo sio internalizados apds estimulos

por agonistas (MARCEAU et al., 2002). O desenvolvimento de antagonistas dos receptores
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de cininas tem sido alvo de pesquisas por muitos anos, levando ao desenvolvimento de
drogas antagonistas convencionais que se ligam com alta afinidade a cada subtipo de
receptor. O primeiro antagonista a ser descrito foi o [Leu®]des-Arg’-Bk que é especifico
para o receptor B, sendo que na atualidade ja existem compostos antagonistas seletivos
para este receptor disponiveis para uso via oral. Progressos no desenvolvimento de
antagonistas do receptor B2 tém sido obtidos com rapidez, sendo o Icatibant ou HOE-140
amplamente utilizado em centenas de estudos experimentais, bem como em alguns estudos
clinicos (revisto em MERCEAU & REGOLI, 2004).

As cininas sd@o inativadas pelas cininases (BHOOLA et al, 1992). A familia das
cininases ¢ composta por carboxipeptidases (N e M), enzima conversora de angiotensina
(ECA) e endopeptidades neutras (NEP). Carboxipeptidades sdo glicoproteinas sintetizadas
nos hepatdcitos e exercem fungdes importantes em sitios inflamados do organismo onde os
receptores B, sdo superexpressos. A ECA pode ser encontrada em altas concentragdes nos
pulmdes, rins, intestino delgado, endotélio do miocardio e placenta (revisto em CASSIM et
al., 2002) e atualmente possui vérios inibidores disponiveis comercialmente, como por
exemplo, o captopril, o enalapril e o ramiprilat. A NEP inativa as cininas removendo o
dipeptideo C-terminal Phe-Arg, sendo encontrada em altas concentragdes nos pulmdes, rins
e intestino (revisto em CASSIM et al., 2002).

A nog¢do que a cruzipaina poderia atuar como enzima liberadora de cininas (LIMA
et al, 1997), o conhecimento que as cininas poderiam estimular o aumento das
concentragdes citoplasmaticas de calcio via inositol trifosfato (IP;) pela a ativagio de
receptores acoplados a proteinas G na superficie de células de mamiferos (SCHARFSTEIN,
2003), além do fato do célcio ser uma molécula importante em processos que levam a

infecgdo de células do hospedeiro por parasitas (TARDIEX et al.,1996; RUIZ et al., 1998)

25



levaram a realizagdo de uma série de estudos que mostram que a invasdo de células do
hospedeiro por T. cruzi é potencializada pela ativagdo de B,R (SCHARFSTEIN et al.,
2000; revisado em SCHARFSTEIN, 2003). A invasdo do parasita foi intensificada na
preseng¢a de inibidores da enzima conversora de angiotensina (ECA), indicando que as
cininas liberadas pela a¢do de cisteino proteses dos parasitas sdo rapidamente degradadas
pelas peptidases presentes no soro ou superficie das células de mamiferos. Estudos sobre o
mecanismo de geragdo de cininas sugeriram que estes resultam da agdo proteolitica da
cruzipaina sobre os precursores de cininas, os cininogénios, expostos na superficie celular.
A analise do mecanismo de agdo da cruzipaina (LIMA et al., 2002) revelou que o
processamento de cininogénio de alto peso molecular pela protease parasitria ¢
positivamente modulado pela interagdo com heparan sulfato disposto na superficie celular.
Estudos subseqiientes demonstraram que as formas infectivas de 7. cruzi ativam o sistema

das cininas in vivo, sendo a reagdo inflamatoéria intensificada por inibidores da ECA.
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2. JUSTIFICATIVA

A Leishmaniose visceral (LV) tem como agente etiologico no Novo Mundo a
Leishmania chagasi. Trabalhos recentes t€ém mostrado que Tripanosomatideos como o T.
cruzi podem utilizar cininas como proteinas sinalizadoras na entrada de células do
hospedeiro. Assim, pretendemos neste estudo verificar se este tipo de interagdo também
ocorre entre L. chagasi e células do hospedeiro. Utilizamos macroéfagos de hamsters e
camundongo por serem estes animais os mais utilizados como modelos animais de
leishmaniose visceral. Verificamos inicialmente a influéncia do sistema das cininas na
entrada dos parasitas nos macréfagos e a participagdo dos receptores B2R neste processo.

Além disso, também observamos o papel das cisteino proteases presentes na L. chagasi.
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3. OBJETIVOS

3.1. Objetivo Geral

Avaliar o envolvimento do sistema das cininas na interagdo entre a L. chagasi e
células do hospedeiro, utilizando macréfagos provenientes de hamsters (Mesocrecetus

auratus) € camundongos BALB/c (Mus musculus) como modelo experimental.

3.2. Objetivos Especificos

3.2.1. Verificar se a L. chagasi é capaz de ativar a cascata das cininas.
3.2.2. Avaliar se a liberagdo de cininas é bloqueada por a¢fo de inibidores de cisteina

proteinases.

3.2.3. Estudar a influéncia da bradicinina na infec¢do de macréfagos de hamsters e
camundongos BALB/c utilizando inibidor da enzima conversora de angiotensina

(captopril) e antagonista do receptor B2R (HOE-140).
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4. DESENHO EXPERIMENTAL

Captopril ‘ Captopril

*- Condigdes avaliadas nos experimentos.
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5. MATERIAIS E METODOS

5.1. Animais

Camundongos BALB/C machos jovens (5-8 semanas) bem como hamsters
(Mesocrecetus auratus) machos (3 meses) foram fornecidos pelo Centro de Pesquisas
Gongalo Moniz/FIOCRUZ. Os animais foram sacrificados de acordo com as normas da

Fundag¢do Oswaldo Cruz para Experimentagdo Animal.

5.2. Cultura de Leishmania chagasi

Formas promastigotas L. chagasi, (MHOM/BRO0/MER/Strain2) foram obtidas pelo
cultivo em meio Schineider’s (Schineider insect medium, Sigma Chemical Co. St Louis,
Missouri, USA) suplementado com 20% de soro bovino fetal inativado, L-glutamina
(2mM), penicilina (100U/ml), estreptomicina (100ug/ml), até a fase estaciondria a 23°C. Os
parasitas foram entdo obtidos, sendo lavados trés vezes com salina a 3000 rpm por 10

minutos e foram ajustados para uma concentragio de 5x10’- 10*/ml.

5.3. Obtencao das culturas de células

Bag¢o de camundongos BALB/C foram macerados em meio RPMI (GIBCO, Grand
Island, N.Y., USA) incompleto (sem soro bovino fetal). As células, assim obtidas, foram

lavadas 3 vezes com salina, centrifugando-se por 10 minutos a 1500 rpm, foram entdo

ressuspendidas em RPMI incompleto, contadas, plaqueadas numa concentragfo de 4x10° -
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10x10° células/pogo em placas de 24 pogos (Costar, NY,USA) e cultivadas durante 4 horas
para a adesdo de macrofagos. As células ndo aderidas foram retiradas por lavagens
sucessivas com salina sendo a placa cultivada em RPMI completo (com 10% de soro

bovino fetal inativado) por 5-7 dias para diferencia¢do dos macrofagos.

5.4. Obtencido de Macrofagos de Peritonio

Hamsters ¢ camundongos BALB/c foram anestesiados, sendo realizada uma
pequena incisdo na regido inguinal, introduzindo-se com o auxilio de uma seringa
descartavel 10-15 ml de salina ou meio RPMI incompleto (sem soro) na cavidade peritonial
dos animais. As células residentes foram lavadas 3 vezes a 4°C, 1500 rpm por 10 minutos
com salina e ressuspensas em 4-5 ml de RPMI incompleto. As células foram contadas em
cAmara de Neubauer, plaqueadas numa concentragio de 106 células/pogo sobre laminulas
de vidro em placas de 24 pogos (Costar, NY, USA) e cultivadas durante 4 horas em estufa a
37°C, 5% CO, para a adesdo de macrofagos. As células ndo aderidas foram retiradas por
lavagens sucessivas com salina (37°C) e a placa cultivada em RPMI suplementado com
HEPES (10pg/ml), L-glutamina (2mM), penicilina (100U/ml), estreptomicina (100pg/ml),
soro bovino fetal inativado (10%), sendo este meio chamado de RPMI completo, por 1-2

dias para diferenciagdo dos macrofagos, sendo entdo utilizados nos ensaios experimentais.
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5.5. Curvas Dose Resposta a Bradicinina e ao Cininogénio

Os ensaios de invasdo foram realizados com Leishmania chagasi numa proporgdo
de 5:1 (Leishmania: macr6fago). Captopril (Sigma) numa concentragdo de 25 uM foi
adicionado ao meio de cultura RPMI incompleto (sem soro) 1 hora antes da adi¢do da
bradicinina ou do cininogénio (Sigma). Estes foram adicionados 5 minutos antes da adigdo
da Leishmania chagasi nas concentragdes de S, 10, 50, 100, 300 nM. As culturas foram

incubadas por 4 horas, lavadas com salina, fixadas e coradas com H&E.

5.6. Inibicao da Ac¢ao de Cisteina Proteases

Os ensaios de invasio foram realizados utilizando-se Leishmania chagasi em uma
propor¢do de 10:1 (Leishmania/macrdfago). As Leishmanias foram pré-tratadoas com o
fenol de N-metilpiperazina-urea-Phe-homoPhe-vinilsulfona-benzeno ou K11777 (10 uM),
inibidor de cisteino protease, por 10 minutos, lavadas com salina por 10 minutos a 3000
rpm. Captopril (25 uM) e HOE-140 (100 nM) foram adicionados ao meio de cultura
(RPMI incompleto ou completo 1 hora antes da adigdo das Leishmanias). O cininogéneo de
alto peso molecular foi adicionado 5 min antes da adigdo dos parasitas. As culturas foram
incubadas por 4 horas. Ap6s a incubagdo, as culturas foram lavadas com salina, para
retirada das Leishmanias que nfo penetraram nos macréfagos, e entdo fixadas e coradas
com hematoxilina-eosina (H&E) e avaliadas por microscopia Optica. As taxas de infecc¢do
foram fornecidas em porcentagem e a cargas parasitarias foram fornecidas pela contagem

de parasitas em cem células.
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5.7. Detec¢ao de citocinas pelo método de ELISA

As concentragdes das citocinas presentes nos sobrenadantes de cultura foram
determinadas pelo método imunoenzimatico ELISA utilizando-se kits comerciais (BD
PharMingen), de acordo com as recomendagdes do fabricante. IL-10 e IL-12 murinos
recombinantes (PharMingen) foram utilizados para geracdo de curvas padréo. Os limites de

detecgdo para estes testes sdo 15 pg/ml para interleucina 10 e 20 pg/ml para interleucina 12.

5.8. Analise Estatistica

Os resultados obtidos foram analisados estatisticamente utilizando-se o Kruskal-
Wallis com pds-teste de Dunns e pelo Teste t de Student com intervalo de confianga de

95% sendo os valores considerados estatisticamente significantes quando p<0.05.
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6. RESULTADOS

6.1 Curva Dose Resposta a Bradicinina

Para se avaliar a concentragdo de bradicinina que induz o maior aumento na taxa de
infecgdo e no niimero de parasitas nas células, uma curva dose resposta foi realizada. Os
ensaios de invasdo foram realizados com Leishmania chagasi numa propor¢do de 5:1
(Leishmania: macréfago). Captopril (Sigma) numa concentragido de 25 uM foi adicionado
ao meio de cultura RPMI incompleto 1 hora antes da adi¢fio da bradicinina (Sigma), sendo
esta foi fornecida ao meio 5 min antes da adigdo das Leishmanias em concentragdes que
variaram de 5-300 nM. As culturas foram incubadas por 4 horas lavadas com salina, fixadas
e coradas com H&E.

Como € possivel observar na Figura 3, tanto a taxa de infecgfo (3A) como o nimero de
parasitas no interior de macrofagos (3B) foi modificado pela adigdo da bradicinina de
forma dose dependente. Doses muito elevadas (300nM) ocasionam uma redugdo
estatisticamente significante tanto do nimero de parasitas no interior das células como nas
taxas de infec¢lio, quando comparados com os experimentos onde a bradicinina foi
fornecida em concentragdes mais baixas. A dose de bradicinina foi escolhida como sendo
aquela que induz maiores taxas de infec¢do e maior aumento do nimero de parasitas no

interior dos macrdfagos.
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Figura 3. Curva dose resposta a bradicinina. Macrofagos de bago de camundongos
BALB/c foram infectados por L. chagasi (5:1) em meio RPMI incompleto contendo
captopril (25uM). Bradicinina foi fornecida em concentragdes variando de 5-300 nM. Os
macrofagos foram avaliados por microscopia dptica 4 horas apds a infecgdo. A cultura foi
realizada sobre laminulas de 13 mm de didmetro. A- Taxa de infec¢dio de macréfagos
murinos com diferentes concentra¢des de bradicinina. B- Dados mostram o nimero de

parasitas em cem macrdfagos contados. Onde *= p<0.05, **= p<0.01, ***=p<0.001. n=4
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6.2. Curva Dose Resposta ao Cininogénio de Alto Peso
Molecular

Com o objetivo de verificar se enzimas produzidas por L. chagasi seriam capazes de
clivar o precursor da bradicinina, o cininogénio de alto peso molecular, uma curva dose
resposta ao cininogénio foi realizada. Os ensaios de invasfio foram realizados com
Leishmania chagasi numa proporgdo de 5:1 (Leishmania/macréfago). Captopril (Sigma)
numa concentragdo de 25 uM foi adicionado ao meio de cultura RPMI incompleto 1 hora
antes da adig@o do cininogénio (Sigma), sendo fornecido ao meio 5 min antes da adi¢éo das
Leishmanias em concentra¢des variando de 5-300 nM. As culturas foram incubadas por 4
horas, lavadas com salina, fixadas e coradas com H&E.

Como observado na figura 4, tanto a taxa de infec¢io como o numero de parasitas
no interior de macréfagos pode ser influenciado pela suplementagdo do meio com
cininogénio de forma dose dependente, assim como ocorre com a bradicinina. Doses muito
elevadas de cininogénio (300nM) ocasionam redugfo estatisticamente significante tanto do
namero de parasitas como as taxas de infec¢do dos macréfagos quando comparados com a
dose de cininogénio que provocam maiores indices de infecgdo (30nM). Experimentos
realizados com a adi¢éo de cininogénio, na auséncia de captopril, ndo mostraram diferencas

significantes entre os grupos avaliados (dados ndo mostrados).
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Figura 4. Curva dose resposta ao cininogénio de alto peso molecular. Macrofagos de bago
de camundongos BALB/c foram infectados por L. chagasi em meio RPMI incompleto
contendo captopril (25uM). Cininogénio de alto peso molecular foi fornecido em
concentra¢Bes variando de 5-300 nM. As células foram fixadas e coradas por H&E e
avaliadas por microscopia Optica 4 horas apds a infecgdo. A cultura foi realizada sobre
laminulas de 13 mm de diametro. A- Taxa de infec¢do de macréfagos murinos com
diferentes concentra¢des de cininogénio. B- Dados mostram o nimero de parasitas em cem

macréfagos contados. Onde *= p<0.05, **= p<0.01, ***=p<0.001. n=4
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6.3. HOE-140 Reverte os Efeitos da Bradicinina

Para verificarmos se o aumento nas taxas de infec¢do e no numero de parasitas no
interior das células infectadas era devido a ativag@o dos receptores das cininas, um
farmaco antagonista seletivo para o receptor B2 da bradicinina, foi utilizado nos
experimentos (HOE-140). Observamos que a suplementagdo do meio com HOE-140
(100nM) pode reverter o aumento da invasdo de macrdfagos por L. chagasi em
condi¢Ses onde a bradicinina esta presente. Nossos dados demonstram também, que em
condi¢des onde temos a presenca do cininogénio de alto peso molecular também ocorre
uma reducdo estatisticamente significante tanto nas taxas de infec¢do como no nimero
de parasitas no interior das células, quando as culturas foram avaliadas 4 horas apds o
experimento de invasdo (Fig. SA e 5B). Resultados semelhantes foram obtidos
independente da origem dos macréfagos utilizados para a infecgdo por Leishmanias, ou
seja, estas células foram obtidas, de baco e peritdnio de hamster ou de bago ou periténio
de BALB/c. A ativagdo dos receptores de B, de cininas aumenta os indices de infecgéo,
enquanto que, o uso de antagonistas seletivos do receptor B, da bradicinina inibe estes
efeitos (Fig. SC e SD). Com o objetivo de confirmar que este fendmeno € especifico do
parasita, experimentos com zimosam foram também realizados (Fig. 6) sob as mesmas

condigdes experimentais.
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Figura 5. Efeito do HOE-140 na invasdo de macrofagos por L. chagasi. Macrofagos
obtidos de bago e peritdnio de hamsters. Os macréfagos foram infectados por L. chagasi
(5:1). A cultura foi realizada sobre laminulas de 13 mm de didmetro. As culturas foram
fixadas e coradas por H&E 4 horas ap6s a infecgfo e avaliadas por microscopia 6ptica. A.
Taxa de infecgdo de macrofagos de bago de hamster. B. Numero de parasitas por cem
macréfagos de bago de hamster. C e D- Namero de parasitas/cem macréfagos residentes

provenientes de peritdnio de hamster . Onde *=p<0.05, **=p<0.01. n=5
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Figura 6. Fagocitose de zimosam por macréfagos residentes peritoniais murinos.
Macréfagos foram cultivados em laminulas de vidro 13 mm de didmetro a uma
concentragio de 10%pogo. Cinco particulas de zimosam foram fornecidas ao meio de
cultura para cada macréfago ficando em contato com estes por 15 minutos a 37 °C. As
culturas foram lavadas com salina, fixadas com metanol, coradas por HE e avaliadas por
microscopia Optica. Quando necessirio os meios foram suplementados com Captopril

(25uM), cininogénio (30 nM), bradicinina (10 nM) e HOE-140 (100 nM). n=2
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6.4. Inibidor de Cisteino Protease Previne o Aumento dos
Indices de Infeccio das Células por L. chagasi

Devido & demonstragdo da capacidade da L. chagasi em clivar precursores da
bradicinina, e utilizar este peptideo aumentando a sua entrada no interior de macréfagos nos
primeiro momentos da infec¢do, o fenol de N-metilpiperazina-urea-Phe-homoPhe-
vinilsulfona-benzeno ou K11777, um inibidor sintético de cisteino proteases com grande
seletividade e esfecificidade a cruzipaina, foi utilizado. A existéncia de relatos prévios com
Trypanosoma cruzi mostrando que o receptor B2 da bradicinina pode ser utilizado como
porta de entrada nas células do hospedeiro, estimularam a realiza¢do desses experimentos.
O K11777 possui grande seletividade para a cruzipaina, a principal cisteina protease de T.
cruzi.

Macrofagos de bago de camundongos BALB/c foram infectados por L. chagasi na
fase estacionaria numa propor¢do de 10:1 (Leishmania/macréfago) em meio sem soro
bovino fetal (Figura 7). O aumento das taxas de infec¢do (Fig. 7A) e do nimero de
parasitas no interior das células avaliadas 4 horas ap6s os experimentos de invasdo (Fig.
7B) permanecem nos niveis basais quando as Leishmanias sdo pré-tratadas com K11777
(10uM) por 10 minutos, antes de entrar em contato com macréfagos, demonstrando assim
que cisteino proteases presentes na L. chagasi sdo importantes e responsaveis pelo aumento

nas taxas de infeccdo observadas anteriormente.
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Figura 7. Pré-tratamento de L. chagasi com inibidor de cisteino protease. As Leishmanias
foram pré-tratadas com KI11777 (10uM), lavadas e utilizadas nos experimentos.
Macréfagos de bago de BALB/c foram infectados e avaliados por microscopia Optica 4
horas apés a infecgdo. A cultura foi realizada sobre laminulas de 13 mm de didmetro. A.
Taxa de infecgdo de macrofagos de bago de BALB/c. B. Nimero de parasitas no interior de

cem macrofagos contados. *=p<0.05, ***=p<0.001. n=4
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6.5. Ativaciao do Rececptor B, da Bradicinina Promove Aumento
da Susceptibilidade de Macréfagos a Infec¢ao por L. chagasi

A ativagdo dos receptores B2 da bradicinina causa um aumento da entrada de
Leishmania chagasi em macrofagos, tanto peritoniais como aqueles obtidos a partir de bago
murino ou de hamster. Com o objetivo de avaliar se a ativag@o desses receptores também
causava o aumento da proliferagfio desses parasitas no interior das células, culturas de
células enriquecidas em macrofagos foram obtidas, infectadas com L. chagasi na proporgdo
5:1 (Leishamania/macrofago) e acompanhadas por 72 horas apds a infecg¢do. Observamos
que ap6s 72 horas ocorre um aumento no nimero de parasitas nos macréfagos tratados com
captopril mais cininogénio. A suplementagdo do meio com o antagonista seletivo do
receptor da bradicinina (HOE-140) reverte os efeitos causados tanto pela bradicinina
fornecida ao meio, como a gerada no momento da entrada do parasita nas células pela
clivagem enzimatica do cininogénio de alto peso molecular (Fig. 8A e 8B). O inibidor de
cisteino protease N-metilpiperazina-urea-Phe-homoPhe-vinilsulfona-benzeno ou K11777
preveniu este aumento, como observado na taxa de infec¢gdo como no nimero de parasitas .
Entretando, o pré-tratamento das Leishmanias com o K11777 associado a suplementagdo de
HOE-140 ao meio, ndo provoca diminuigdo adicional dos indices de infec¢do (Fig. 9A e

9B).

43



N w
o o
1 i

Taxa de Infecgao (%)
o

0__
Captopril - + + + +
Cininogénio - - - + +
HOE-140 - - + - +

150

100

50

Amastigotas/100 cells

Captopril
Cininogénio
HOE-140 - - + - +

1
'
[}
+
+

Figura 8. Leishmanias fagocitadas por macro6fagos na presenga de cininas, taxa de infec¢ao
(A) e numero de parasitas intracelulares (B) 72 horas ap6s a infec¢fio. Macréfagos de bago
de BALB/c foram infectados e avaliados por microscopia 6ptica 4 horas apds as infecgdes.
A cultura foi realizada sobre laminulas de 13 mm de didmetro por 72 horas. As culturas de
células foram fixadas, coradas por hematoxilina e eosina e avaliadas por microscopia

oOptica. *=p<0.05. n=3
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Figura 9. Pré-tratamento de L. chagasi com inibidor de cisteino protease. As Leishmanias
foram pré-tratadas com K11777 (10uM), lavadas e utilizadas nos experimentos.
Macréfagos de bago de BALB/c foram infectados por L. chagasi (10:1) e apds 4 horas as
culturas foram lavadas e incubadas por 72 horas, onde se avaliou também a taxa de
infec¢do € o nimero de parasitas em cem macrofagos. A cultura foi realizada sobre
laminulas de 13 mm de didmetro. A. Taxa de infeccdo de macrofagos de baco de

BALB/c.B. Niimero de parasitas no interior de cem macréfagos contados. n=3
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6.7. A Entrada de Leishmanias no Interior de Macrofagos Pode
Ser Aumentada Pela Presenca de Soro

Os cininogénios sdo glicoproteinas sintetizadas pelos hepatdcitos e secretadas na
corrente sanguinea. Assim, o soro pode ser considerado uma fonte a natural de
cininogénios. Para avaliar se o aumento da entrada de Leishmanias também acontecia na
presenga de soro bovino fetal, experimentos foram realizados com macréfagos peritoneais
murinos. Como mostrado nas Figuras 10A, 10B, 11A e 11B em presenca de soro (10%)
tanto as taxas de infec¢do como o niimero de parasitas no interior das células se mostrou

ainda mais elevado.
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Figura 10. Efeito do soro na infec¢@o de macrofagos por L. chagasi. Macr6fagos murinos
infectados, foram avaliados 4 horas apds infec¢do que ocorreu em meio com ou sem a
presenga de soro bovino fetal em preparagdes coradas por H&E. Em algumas condi¢des
captopril (25pM) e/ou HOE-140 (100nM) foram adicionados as culturas. A. Taxa de
infecg¢do de macrofagos peritoneais de BALB/c. B. Nimero de amastigotas em macréfagos

peritoneais de camundongos Balb/c. Onde *=p<0.05. Testes t de Student. n=4
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Figura 11. Efeito do soro na infec¢do de macrofagos por L. chagasi. Macréfagos murinos
infectados foram avaliados 4 horas apds infec¢do em meio com ou sem a presenga de soro
bovino fetal em preparag¢des coradas por HE. Em algumas condi¢Ges captopril (25uM) ou
HOE-140 (100nM) foram adicionados as culturas. A. Taxa de infec¢do de macréfagos
peritoneais de BALB/c. B. Nimero de amastigotas em macréfagos peritoneais de

camundongos Balb/c. Onde *=p<0.05. Testes t de Student. n=3
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6.8. Avaliacao da Producao de Citocinas em Sobrenadantes de
Cultura de Macréfagos J774 Infectados por L. chagasi

Para se avaliar a produgdo de citocinas, devido a infec¢do por L. chagasi em um ambiente
contendo cininas. Macréfagos J774 foram infectados por L. chagasi (5:1) na auséncia de
soro sendo avaliados quanto a produgdo de IL-10 e IL-12 quarenta e oito horas apds a
infecgdo. Como mostrado na figura 13A a simples suplementag@o do meio com captopril
(25pM) pode levar a um aumento da produgdo de 1L-10, enquanto que o fornecimento de
bradicinina (10nM) ou cininogénio de alto peso molecular (30nM) promove a produgio de
desta citocina. Em todas as abordagens experimentais utilizadas observou-se queesta
produgdo ¢ revertida pela adicdo de HOE-10 (100nM). Por outro lado, a produgdo de IL-

12p70 ndo detectou-se em nenhuma das condi¢Ses testadas (dados ndo mostrados).
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Figura 12. Dosagem de citocinas em sobrenadantes de cultura de linhagem de macrofagos
J774. Macréfagos murinos J774 foram infectados por L. chagasi na relagdo de 5 parasitas
por macrofago por 4 horas, as culturas foram, entdo lavadas com salina e cultivadas em
laminulas de 13 mm por 48 horas. Os sobrenadantes das culturas foram avaliados por
ELISA de acordo com as recomendagdes do fabricante. Em algumas condigdes os meios

foram suplementados com captopril (25pM), HOE-140 (100nM), Bradicinina (10nM) e

Cininogénio (30nM). n=3
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7. DISCUSSAO

Este trabalho teve como objetivo principal avaliar a participagdo das cininas nos
momentos iniciais da infecgdo por L. chagasi. Neste estudo demonstramos que a invaséo de
células do hospedeiro pode ser aumentada quando o sistema de cininas € acionado.

As cininas sdo potentes peptideos vasoativos conhecidos por serem responsaveis
pelos sinais cardinais da inflamagdo, e vdrias outras atividades biolégicas (Bhoola et al.,
1992). As cininas possuem meia vida muito curta (cerca de 30 segundos na corrente
sanguinea), sendo rapidamente degradadas por um amplo espectro de enzimas conhecidas
como cininases, podendo estas ser do tipo I ou do tipo I1 (CASSIM & BHOOLA, 2002).
Portanto, a presen¢a de captopril, um inibidor da enzima conversora de angiotensina
(ECA), uma cininase do tipo II, no meio de cultura foi um pré-requesito essencial para o
aumento da meia vida das cininas geradas ou fornecidas nas situagdes experimentais, e
assim, permitir a observagdo de seus efeitos na invasdo de macréfagos in vitro por L.
chagasi. Os efeitos induzidos pelo captopril sugerem que, o tropismo tecidual da L.
chagasi, assim como para o 7. cruzi, pode ser influenciado por niveis varidveis de
peptideos capazes de degradar cininas expressos em diferentes tecidos (SHARFSTEIN el
at., 2000).

A demonstragdo prévia de que alguns patégenos capazes de expressar cisteino
proteases, como por exemplo, Streptococcus pyogenes e Porphyromonas gingivalis, eram
capazes de liberar rapidamente bradicinina a partir de cininogénio humano (PAVLOFF et
al., 1995; HERWALD et al., 1996) incetivou NERY et al., (1997) a demonstrar que a
principal cisteina protease de 7. cruzi, a cruzipaina, possuia atividade de cininogenase.

Além disso, estudos demonstraram que proteoglicanas, como o heparan sulfato e o sulfato
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de condroitina, possuem sitios de alta afinidade de ligagdo ao cininogénio de alto peso
molecular, sendo importantes para o acimulo destas proteinas nas superficies de células
endoteliais (RENE er al., 2000; RENE et al., 2001). Assim, o reconhecimento do heparan
sulfato como uma molécula para adesdo inicial de 7. cruzi a células do hospedeiro,
conduzirem o grupo de LIMA (2002), a mostrar que o heparan sulfato modula a liberagido
de cininas pelo 7. cruzi, pela da a¢do da cruzipaina.

Ao avaliarmos as taxas de infeccio e o niimero de Leishmanias no interior de
macrofagos, observamos que apenas a adi¢fo de captopril ao meio de cultura € suficiente
para causar um aumento significativo dos indices de infecgdo investigados, mesmo quando
os experimentos foram conduzidos sem soro bovino fetal, fonte natural de cininogénios.
Mesmo apds sucessivas lavagens, os cininogénios permanecem ligados ao glicocalix das
células pelo heparan sulfato, e assim, disponibilizam estas moléculas aos parasitas nos
primeiros momentos da interagdo com as células do hospedeiro.

Tanto o receptor B; como o B, da bradicinina sdo acoplados a proteina G
(BHOOLA et al., 1992), e como ja estd bem estabelecido, os receptores acoplados a
proteina G constituem a principal familia de receptores acoplados & superficie celular,
mediando respostas celulares a uma grande variedade de moléculas sinalizadoras. Uma vez
ativados, os receptores acoplados & proteina G podem levar a geragdo de moléculas
sinalizadoras intracelulares, também conhecidas como segundos mensageiros. Assim, a
partir da hidrélise do fosfatidilinositol bifosfato (PIP;) € gerado o inositol trifosfato (IP3)
uma molécula hidrossoluvel que deixa a membrana plasmatica e se difunde rapidamente
através do citosol, onde, pela da ligagdo com canais de calcio presentes na membrana do
reticulo endoplasmético promove um rapido aumento das concentragdes citoplasmaticas de

Ca™ (ALBERT et al, 1999). Em nossos resultados, observamos que a simples adigio de
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bradicinina ao meio de cultura é capaz de aumentar os indices de infec¢do quatro horas
apos os experimentos de infec¢do das células. Alguns trabalhos na literatura relatam a
importancia do célcio em processos de invasdo de células por diferentes parasitas
protozoédrios como 7. cruzi, Plasmodium falciparum e Leishmania donovani. Esta
estabelecido que, aumentos transitorios das concentragdes citoplasméticas de calcio podem
ser requeridos para, no minimo, dois passos importantes nos processos de entrada dos
parasitas nas células: (1) rearranjo local do citoesqueleto cortical de actina permitindo o
acesso de lisossomas & membrana plasmética e, (2) fusdo dos lisossomas no sitio de entrada
do parasita ( MISRA et al., 1991; TARDIEUX et al., 1996; RUIZ et al., 1998).

Além disso, a ativag@o dos receptores de bradicinina pode induzir a produgio de
prostaglandina E, via ciclooxigenase (BRADBURY et al., 2004) e como mostrado em
1998 por Wu e colaboradores, esta prostaglandina pode inibir a expressdo de receptor do
IL-12 bem como a responsividade a esta citocina, o que pode ter um papel importante na
visceralizagdo da Leishmania chagasi. Além disso, foi demonstrado que a PGE; pode
diminuir a produgéio de IFN-y, TNF-a bem como aumentar a produgdo de IL-4 tornando
camundongos BALB/c mais susceptiveis a infecgio por L. major (MILANO et al., 1996).

Ao avaliarmos a concentragfio de bradicinina que levava a um maior aumento do
numero de parasitas nos macréfagos observamos que a melhor concentragdo foi a de 10
nM, enquanto que, concentragdes mais elevadas deste nonapeptideo causaram novamente
uma redugdo dos indices de infec¢do quatro horas apés os ensaios de invasdo. Estes fatos
estio de acordo com dados que mostram que o receptor B, da bradicinina, que é
constitutivamente expresso em muitos tipos celulares, pode ser fosforilado e internalizado
quando estimulados por agonistas, ao contrario do que ocorre com o receptor Bl, que s6 é

expresso em estados inflamatérios, € resistente a dessensibilizagdo por ndo ser internalizado
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pelas células que o expressam apds o estimulo por agonistas (BLAUK et al., 1999). Neste
contexto, nossos resultados mostram que, a L. chagasi pode gerar a bradicinina durante o
seu processo de interagdo com as células do hospedeiro. Mesmo quando os experimentos
sfio conduzidos na auséncia de soro, a simples adi¢fo de captopril aumenta os indices de
infec¢do, enquanto que a suplementag@o do meio com o precursor imediato da bradicinina
pode incrementar ainda mais este aumento, apontando para a possibilidade da L. chagasi
possuir um arsenal enziméitico com atividade de cininogenase, € que semelhante ao
mostrado com a bradicinina, altas concentra¢des de cininogénio de alto peso molecular
podem, também, levar a uma redug@o dos indices de infecgdo observados. Estes dados
concordam com dados anteriormente publicados, mostrando comportamento semelhante

para o 7. cruzi (SCHARFSTEIN et al., 2000).

A utilizag@o de antagonistas seletivos dos receptores de bradicinina tornou possivel
a confirmagfo que o aumento dos indices de infec¢do de macrofagos quatro horas apds os
experimentos de invasdo € realmente devido a ativagdo desta subclasse de receptor, uma
vez que, quando fornecido as condigdes experimentais, sua presenga cancela o aumento das
taxas de infecclo das células avaliadas quatro horas apds a infecgdo. Assim, como
mostrado em relatos da literatura o uso do HOE-140 ou Icatibant é capaz de impedir a
ativagdo dos receptores B2 da bradicinina (LANDGRAF et al., 2003; ALIBERT et al.,
2003; KONDO & TOGARI, 2004). Entretanto, nossos resultados mostram claramente a
existéncia de outras portas de entrada da Leishmania em macrofagos, uma vez que a
utilizagdo do HOE-140 ndo é capaz de inibir totalmente as taxas de infec¢fo, fazendo-as
apenas retornar aos niveis parecidos com os dos controles, e portanto, de acordo com

relatos que mostram a possibilidade de entrada de Leishmanias nas células por outras vias,
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como descrito por BRITTINGHAM e colaboradores (1995). Estes autores mostraram o
envolvimento da gp63, uma glicoproteina de 63 KDa, na fagocitose de Leishmania por
macréfagos, na adesdo celular bem como na resisténcia a lise mediada por complemento.
Outro trabalho recentemente publicado mostra que, embora os receptores de bradicinina
sejam importantes para a entrada de 7. cruzi em células do hospedeiro, existem portas de
entrada nas células que s@o independentes da sinalizagdo via receptor de bradicinina
(APARICIO et al., 2004). Contudo, a demonstragio de que o aumento dos indices de
infec¢do ocorre nos macrofagos de origens mais variadas, ou seja, oriundos do bago ou
peritdnio de hamsters ou camundongos BALB/c apontam para a importincia desta via de

sinalizagdo nos momentos iniciais da infecgdo por L. chagasi.

Devido a ampla distribuigdio de cisteino proteases nos mais variados parasitas
(SAIID & MCKERROW, 2002), e pelo fato que essas enzimas desempenham diversas
fun¢des biologicas em protozoarios (KLEMBA & GOLDENBERG, 2000) os seus papéis
tém sido amplamente estudados. Além disso, observagdes prévias do grupo de
SCHARFSTEIN (2003), nos incentivaram a utilizar inibidores sintéticos de cisteina
proteases em Leishmania chagasi. Diversos relatos na literatura mostram que cisteino
proteases podem ser essenciais para o desenvolvimento e sobrevida de varias espécies de
Leishmania. Estudos recentes mostram que L. chagasi e L. donovani possuem cisteino
proteases € que a expressdo destas enzimas é altamente regulada, sendo de fundamental
importancia para a sobrevida de formas amastigotas no interior de macr6fagos (MUNDODI
et al., 2002; MUNDODI et al., 2005). Dados semelhantes também foram publicados por
Lakosvitsch e colaboradores em 2003 em relagdo a L. amazonensis. Em L. mexicama

cisteino proteases tém sido amplamente estudadas. Este parasito contém muitas cisteino
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proteases que sdo classificadas como membros da superfamilia das papainas, produzidas
como precursores inativos que sdo processados para produzir enzimas maduras e ativas
(BERT & STORER, 1995; BROOKS et al., 2000). Assim, a partir da idéia de que cisteino
proteases de L. mexicana poderiam ser importantes para o desenvolvimento de uma
resposta Th2 devido & grande produgéo de 1L-4 (FINKELMAN et al., 1992), Alexander e
colaboradores em 2003 verificaram que L. mexicana mutantes deficientes em cisteino
proteases possuem viruléncia atenuada em camundongos bem como potencializam uma
resposta do tipo Thl, uma vez que camundongos infectados com a cepa mutante
desenvolvem lesGes menores, quantidades aumentadas de IFN-y e IL-2, e quantidades
menores de IL-4 quando comparados a cepa selvagem. Além disso, camundongos BALB/c
vacinados com cepas mutantes deficientes em cisteino protease quando desafiados com
cepas selvagens de L. mexicana desenvolvem lesdes menores que os animais ndo vacinados

(ALEXANDER et al., 2003).

De acordo com esses dados, POLOK e colaboradores (2003), verificaram que
cisteino proteases de L. mexicana, CPB2.8, sdo capazes de induzir potentes respostas do
tipo Th2, e que apenas a enzima ativa € capaz de induzir a produgio de IgE, a vacinagéo
com CPB2.8 resulta no aumento das lesdes , mas quando os animais sfo vacinados com
CPB2.8 mais IL-12 ocorre uma inibigdo do crescimento da lesdo. Ainda neste contexto,
DENISE e colaboradores (2003), mostraram que a expressdo de multiplos genes
codificando cisteino proteases é requeridas para a viruléncia de L .mexicana in vivo, onde
seus resultados revelam que a expressdo desses multiplos genes é a chave para o
desenvolvimento de uma resposta Th2 e conseqiientemente para a viruléncia de L.

mexicana em camundongos. Entretanto, foi mostrado que cisteino proteases de L. mexicana
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(CPB) nao possuem atividade de cininogenase, ndo podendo assim liberar bradicinina ou
lisil-bradicinina a partir do cininogénio de alto peso molecular ou de baixo peso molecular,
respectivamente (ALVES ez al., 2001). Nossos resultados mostram que o pré-tratamento da
Leishmania chagasi com um inibidor irreversivel de cisteino protease, o fenol de N-
metilpiperazina-urea-Phe-homoPhe-vinilsulfona-benzeno, também conhecido como
K11777, é capaz de prevenir o aumento dos indices de infec¢do observados na presenga de
cininogénio de alto peso molecular € mesmo com a adi¢do de HOE-140 ndo € possivel
observar uma diminuigdo adicional das taxas de infecgdo bem como no nimero de parasitas
no interior das células quatro horas ap6s a infecg@io, apontando para a possibilidade de que
mesmo por mecanismos diferentes, tanto o K11777 como o HOE-140 podem bloquear a
entrada de L. chagasi em macréfagos via inibigdo da sinalizagdo do receptor B2 da

bradicinina.

Menores indices de infeccdo no caso culturas de macrdfagos infectadas com L.
chagasi pré-tratadas com KI11777, estio de acordo com os dados observados por
MAMOUDZADEH-NIKNAM & MCKERROW (2004), que mostraram que cisteino
proteases sdo essenciais para o crescimento e patogenicidade de L. tropica. Além disso,
observaram também que K11777 inibe a proliferagdo deste parasita em culturas de forma

dose dependente, bem como causa a diminuigdo das leses em BALB/c.

Um outro fator interessante € o fato de que quando realizados em presenga de soro
os experimentos apresentam maiores indices de infec¢do quando comparados com os
experimentos realizados sem soro, provavelmente pela abundante opsonizagdo das
Leishmanias por complemento, facilitando a entrada destes parasitas nas células

(DOMINGUEZ et al., 2003).
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Svensjo e colaboradores, 2005, mostraram que em culturas de células provenientes
de lavado peritonial de BALB/c, que consiste em uma populagdo rica em macrofagos é
encontrada, a ativagfio do receptor de bradicinina que leva a morte das Leishmanias no
interior dessas células, quando os experimentos sdo realizados na presenga de soro. Ao
mesmo tempo, a inibicdo da ativagdo do receptor B2 da bradicinina pode levar a um
aumento da proliferacdo dos parasitas no interior das células macrofagicas. Entretanto,
nossos experimentos, o acompanhamento de culturas de bago de BALB/c por tempos
maiores, mostra que, nas condi¢des onde temos a suplementag@o de cininogénio ao meio de
cultura, ocorre uma proliferacdo das Leishmanias no interior dos macréfagos, avaliados por
72 horas apds as infec¢des. Esta diferenga pode ser explicada pela diferenca de populagdes
celulares encontradas nas culturas de células de bago, onde apenas 59% das células séo
CD11b+, marcador de macrdéfagos. Essas diferengas nas populagdes celulares poderiam

acarretar em mecanismos de respostas diferentes.

Ja se mostrou que a ativagio dos receptores B, da bradicinina pode induzir células
dendriticas a produzirem IL-12 e por isso ter uma provavel aplicagdo como adjuvantes em
vacinas objetivando-se uma resposta do tipo Thl (ALIBERTI et al., 2003). Entretanto, a
interag@o dos parasitos com células do hospedeiro em um ambiente contendo cininas pode
levar a uma desativagdo de células, como macrdfagos, facilitando a proliferagfio parasitaria.
Esta linha de pensamento pode ser refor¢ada pela avaliagdo dos sobrenadantes de cultura de
macréfagos murinos J774 infectados com L. chagasi, em presen¢a de bradicinina ou
cininogénio. Estes experimentos mostraram um aumento na produgdo de IL-10 e que esta
producd@o pode ser inibida na presenga de HOE-140. Por outro lado, a presenga de IL-12

nestes sobrenadantes nio foi detectada por ELISA. Como estd bem estabelecido na
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literatura, a IL-10, uma citocina anti-inflamatoria que leva a desativagéio de macréfagos
bem como outras células do sistema imune, tem importante papel na sobrevida de
patogenos intracelulares (GOMES et al, 2000; GORDON, 2002; ALIBERT, 2005).
Entretanto, vérios relatos na literatura mostram que a IL-12, citocina produzida por
macréfagos, € importante tanto para a ativagio destas células mononucleares
(McDAWELL et al, 2002; GUMY et al., 2004; OLIVEIRA et al., 2005) como para a
produgdo de IFN-y por linfécitos contribuindo para o controle da infec¢io por patdégenos
intracelulares (McMAHON-PRATT & ALEXANDER, 2004; HUNTER et al., 2004;

MELBY et al.,, 2001).

STEMPIN e colaboradores (2002), mostraram que a cruzipaina pode promover a
sobrevida de de Trypanosoma cruzi em macréfagos murinos através da produgdo de IL-10
e TGF-p por células J774 infectadas. Por outro lado, esta enzima é capaz de inibir tanto a
produgéo de IL-12 pés-estimulo com LPS como a produgdo de 6xido nitrico (STEMPIN et
al., 2002). Posteriormente, foi mostrado que amastigotas de Leishmania mexicana também
sdo capazes de inibir a produgdo de IL-12 induzida por lipopolissacarideo, no qual as
cisteina proteases desse protozodrio participam no processo de clivagem proteolitica de NF-
kB e IxkB impedindo a ativagdo transcricional das células e o desenvolvimento de uma

resposta pro-inflamatdria (CAMERON et al., 2004).

Esta desativag@o de células macrofagicas por cisteinas proteases tem sido mostrada
em varios trabalhos. Somanna e colaboradores mostraram em 2002 que cisteina proteases
produzidas pelo complexo Leishmania donovani sdo capazes de clivar TGF- B presentes em
uma forma latente em macréfagos, e assim, transformando-o numa forma ativa ou madura

que auxilia os parasitas a superarem a atividade microbicida de macréfagos e assim garantir
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sua sobrevida no interior dessas células. A ativacdo do TGF-p foi posteriormente
confirmada para L. chagasi mostrando que promastigotas desta espécie de Leishmania
podem clivar o TGF- B latente e que este mecanismo de ativagdo pode ser inibida pelo uso
de inibidores de cisteino préteses (GANTT et al., 2003). Essas enzimas, portanto, possuem
papéis importantes para a sobrevida desses parasitas ¢ que, com o aumento do
conhecimento sobre suas fungdes bioldgicas seja possivel, num futuro proximo, utilizar este

complexo enzimatico como alvo terapéutico.
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8. CONCLUSOES

% A L. chagasi possui enzimas com atividade de cininogenase, as quais sdo
suprimidas por inibidores seletivos de cisteino proteases.

¢ A ativagfo do receptor B2 da bradicinina pode aumentar a infeccdo de macréfagos
in vitro.

% Cisteino proteases podem aumentar a sobrevida da L. chagasi em macrofagos de

bago de BALB/c, as quais podem relacionar-se a produgdo de 1L-10.
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10. Anexo- Artigo

“Interplay between parasite cysteine proteases and the host kinin system modulates
microvascular leakage and macrophage infection by promastigotes of the Leishmania

donovani complex.”
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Abstract

Kinins, the vasoactive peptides proteolytically liberated from kininogens, were recently recognized as signals alerting the innate immune
system. Here we demonstrate that Leishmania donovani and Leishmania chagasi, two etiological agents of visceral leishmaniasis (VL),
activate the kinin system. Intravital microscopy in the hamster cheek pouch showed that topically applied promastigotes induced macromo-
lecular leakage (FITC-dextran) through postcapillary venules. Peaking at 15 min, the parasite-induced leakage was drastically enhanced by
captopril (Cap), an inhibitor of angiotensin-converting enzyme (ACE), a kinin-degrading metallopeptidase. The enhanced microvascular
responses were cancelled by HOE-140, an antagonist of the B, bradykinin receptor (B,R), or by pre-treatment of promastigotes with the
irreversible cysteine proteinase inhibitor N-methylpiperazine-urea-Phe-homoPhe-vinylsulfone-benzene (N-Pip-hF-VSPh). In agreement with
the above-mentioned data, the promastigotes vigorously induced edema in the paw of Cap-treated J129 mice, but not Cap-B,R7/™ mice.
Analysis of parasite-induced breakdown of high molecular weight kininogens (HK), combined with active site-affinity-labeling with biotin-
N-Pip-hF-VSPh, identified 3540 kDa proteins as kinin-releasing cysteine peptidases. We then checked if macrophage infectivity was influ-
enced by interplay between these kinin-releasing parasite proteases, kininogens, and kinin-degrading peptidases (i.e. ACE). Our studies
revealed that full-fledged B,R engagement resulted in vigorous increase of L. chagasi uptake by resident macrophages. Evidence that inflam-
matory macrophages treated with HOE-140 became highly susceptible to amastigote outgrowth, assessed 72 h after initial macrophage
interaction, further suggests that the kinin/B,R activation pathway may critically modulate inflammation and innate immunity in visceral
leishmaniasis.
© 2005 Elsevier SAS. All rights reserved.

Kevwords: Leishmaniasis; Innate immunity; Inflammation; Macrophages: Endothelium; Kinins; Angiotensin-converting enzyme; Cysteine proteases

Abbreviations: ACE, angiotensin-converting cnzyme; BK, bradykinin; BSA, bovine serum albumin; Cap, captopril; CBZ-Phe-Arg-MCA, carbobenzoxy-
phenylalanyl-arginyl-7-amido-4-methylcoumarin; CP, cysteine proteinases; DTT, ditiothreitol; E-64, L-trans-epoxysuccinyl-leucylamido-(4-guanidino)butane;
HCP, hamster check pouch; HK, high molecular weight kininogen; N-Pip-F-hF-VSPh or K1 1777, N-methylpiperazine-Phe-homoPhe-vinylsulfone-benzene;
pHMG, promastigotes homogenates; TK, tissue kallikrein; VL, visceral leishmaniasis|. Introduction.
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1. Introduction

Transmitted by sandflies, the parasitic protozoa of the
genus Leishmania are the etiological agents of cutancous,
mucocutaneous or visceral diseases in humans. Differences
in Leishmaniasis species and host genetic composition under-
lie the diverse clinical manifestations of Leishmaniasis.

The life cycle of all Leishmania species involves two mor-
phological forms—the amastigotes and the promastigotes.
Mammalian infection is initiated when the sand-flies regur-
gitate following blood feeding, releasing metacyclic promas-
tigotes in superficial layers of the dermis. At this time, the
mechanical action of the sand fly proboscis provokes lacera-
tions of blood capillaries in the host. Hemorrhages are inten-
sified by the combined action of multiple anti-hemostatic fac-
tors and vasodilating substances present in the sand fly saliva
[1]. Within minutes, the promastigotes are phagocytosed by
macrophages, the internalization process being facilitated by
complement receptor-mediated recognition of surface-
bound C3b and/or C3bi opsonins {1-4]. After reaching the
phagolysosomes, the promastigotes transform into amastig-
otes, the parasite replicating stages. Upon macrophage cell
death, large numbers of infective amastigotes are released to
the extracellular spaces. Recent studies in humans and mice
suggest that innate immunity and pathological outcome in
Leishmania infection is influenced by host responses to the
sand fly vector. For instance, salivary products of Phleboto-
mus papatasi saliva products may induce IL-4 and IL-5, i.e.
cytokines that down-modulate immune responses to Leish-
mania major |5]. Another study in patients infected with
Leishmania chagasi showed that individuals that undergo
seroconversion to sand fly saliva antigens are more prone to
develop efficient cellular immune responses (delayed type
hypersensitivity; DTH) against the parasite [6]. The complex-
ity of the host—vector—parasite interplay is highlighted by the
finding that increased blood flow in individuals that mount
DTH responses to sand fly saliva antigens improves blood
feeding by P. papatasi|7).

Visceral leishmaniasis (VL), also known as Kalazar, is
caused by Leishmania (Leishmania) donovani in the Old
World, by L. (L.) infantum in the Southeast of Europe and
Mediterranean area and by L. (L.) chagasi in the New World.
Dogs are a common animal reservoir of the Leishmania spe-
cies that cause visceral leishmaniasis. The incubation period
of visceral leishmaniasis ranges from 2 to 4 months. The dis-
case may present an acute, subacute or chronic evolution, but
most infected individuals remain completely asymptomatic
(reviewed in [8]). The classical manifestations of VL are fever,
cough, weight loss, weakness, diarrhea or dysentery and
abdominal swelling. Patients also present anemia, edema,
bleeding episodes, impaired cellular immunity and severe
hepatosplenomegaly [8]. The determinants of visceralization
in infected humans are not well understood. Studies in mice
revealed that visceralization starts with a self-limiting infec-
tion in the liver, usually controlled at expense of moderate
TNF-a production [9]. After involving the spleen, the infec-

tion in mice becomes persistent, causing a life-long splenom-
egaly associated with exacerbated TNF-a production [9].
Immunohistochemical studies performed with high dose of
intravenously injected amastigotes showed that the parasites
are initially cleared from the circulation by the heterogenous
macrophage sub-populations present in the spleen marginal
zone [10]. Low dose infection models involving intradermal
inoculation of L. donovani promastigotes into susceptible
mice [11] indicated that parasite clearance from skin and liver
may depend on infiltration and activation of CD4" and CD8"
T cells while the persisting infection in the spleen and drain-
ing lymph node correlates with enhanced production of
Th1/Th2 cytokines (interleukin-4 [IL-4], 11.-10, and gamma
interferon) [11].

Here we studied the involvement of the kinin system in
inflammatory responses evoked by L. donovani and L. cha-
gasi. Structurally related to the nonapeptide bradykinin (BK),
the term “kinins” is a general designation for the group of
potent vasoactive peptides liberated from an internal seg-
ment of their plasma protein precursors, high and/or low-
molecular weight kininogens (HK/LK) {12]. Although clas-
sically associated with acute inflammatory responses (e.g.
increased blood flow, edema formation, vasodilatation and
pain sensations), BK or for that matter, lysyl-BK, were
recently identified as potent stimulators of dendritic cell matu-
ration, an effect coupled to IL-12-driven polarization of Th1-
type responses [13]. Tissue injury caused by physical trauma
or noxious substances can lead to BK or Lysyl-BK excision
from HK/LK by the respective action of the serine proteases,
plasma and tissue kallikrein [12]. In inflammatory condi-
tions, oxidized forms of kininogens may be cleaved by the
concerted action of neutrophil elastase and mast cell tryptase,
liberating Met-Lys-bradykinin [ 14]. Once liberated, kinins act
in a paracrine mode, activating a broad range of host cell types
(e.g. endothelial cells, epithelial cells, neurons and dendritic
cells) through the constitutively expressed B, bradykinin
receptor [13,15]. Alternatively, they undergo further process-
ing by carboxypeptidases M/N, generating [des-Arg]}-kinins,
which are agonists for the B, kinin receptor, upregulated dur-
ing inflammation [16]. The duration of the effects of kinins
on their G-protein coupled receptors is normally limited by
the degradative action of several metallopeptidases, particu-
larly, angiotensin-converting enzyme (ACE, also known as
kininase II), a di-peptidylpeptidase expressed at high levels
on the vascular endothelium.

Activation of the kinin pathway has been implicated in the
dissemination of several bacterial pathogens [17,18]. Inflam-
mation induced by Porphyromonas gengivalis, the etiologi-
cal agent of periodontitis, is partly driven by the kinin-
releasing activity of a cysteine protease, gingipain [19,20].
Another example of a pathogen that relies on a cysteine pro-
tease to liberate kinins from kininogens came from our own
investigations [21-24] on the cellular activation pathways
underlying inflammation and host cell invasion by Trypano-
soma cruzi, the intracellular parasitic protozoan that causes
Chagas” disease. Here we report results from studies in two
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animal models, hamster cheek pouch and mouse paw, dem-
onstrating that L. donovani or L. chagasi promastigotes share
with 7. cruzi the ability to activate the kinin system. Further,
we will present data linking regulation of the kinin system to
pathways that modulate inflammation and macrophage sus-
ceptibility to infection by L. donovani and L. chagasi pro-
mastigotes.

2. Materials and methods
2.1. Parasites

L. chagasi promastigotes (MHOM/BROO/MER/Strain2)
were cultivated in Schineider’s insect Medium (Sigma Chemi-
cal Co., St Louis, MO, USA) supplemented with 20% inac-
tivated FCS, L-glutamine (2 mM), penicillin (100 U/ml), strep-
tomycin (100 ug/ml) at 23 °C for 5-7 days when the parasites
reached the stationary-phase. The parasites used in macroph-
age infection assays were washed 3x times with saline at
2500 rpm for 10 min, resuspended in RPMI medium and
adjusted to 5 x 107-10® per ml. L. donovani Sudan (LD
IS/MHOM/SD/00-strain 1S) was cultured in BHI medium
containing 10% FCS (GIBCO BRL, Tulsa, OK). L. chagasi
metacyclics were prepared from 5 days stationary-phase cul-
tures using a density-gradient method {25]. Briefly, promas-
tigotes were washed and resuspended in Hanks, then layered
on a two-step Ficoll gradient (2 ml of 5% and 4 ml of 10%)
and centrifuged at 1300 x g for 10 min at room temperature.
Based on morphological criteria, the L. chagasi promastig-
otes recovered from the second 10% step had 70-90% of
metacyclics. 40% of this L. chagasi population corresponds
to the subset of metacyclics that is resistant to complement-
mediated lysis (25% fresh human serum) while log-phase L.
chagasi promastigotes are 100% lyzed under these condi-
tions. Assays with L. donovani promastigotes were per-
formed with promastigotes isolated from 7-day-old stationary-
phase cultures, after adjusting the cell suspension to 5 x 107
10® per ml in phosphate buffered saline. Cellular homogenates
obtained from L. donovani promastigotes (PHMG) were
obtained by subjecting the parasite suspension to four to five
freezing~thawing cycles followed by centrifugation at
1300 x g for 10 min in PBS before being used in the studies
described below.

2.2. Intravital microscopy of the hamster cheek pouch

Hamsters were anesthetized by intraperitoneal injection of
sodium pentobarbital supplemented with i.v. a-chloralose
(2.5% WI/V, solution in saline) through a femoral vein cath-
eter. A tracheal cannula (PE 190) was inserted to facilitate
spontaneous breathing and the body temperature was main-
tained at 37 °C by a heating pad monitored with a rectal ther-
mistor. The hamster cheek pouch (HCP) was prepared and
used for intravital microscopy as previously reported [26,27].
Briefly, the cheek pouch was everted and mounted on a micro-

scope stage and an area of about 1 cm? was prepared for intra-
vital microscopy observations of the microcirculation. Thirty
min after the preparation was completed, fluorescein-labeled
dextran (FITC-dextran, MW = 150 kDa; 250 mg/Kg body
weight) was injected intravenously as a macromolecular
tracer. The cheek pouch was continuously superfused with a
HEPES-bicarbonate-buffered saline solution pH 7.4 (compo-
sition in mM: 110.0 NaCl, 4.7 KCl, 2.0 CaCl,, 1.2 MgSO,,
18.0 NaHCO;, 15.39 HEPES and 14.61 Na HEPES) at a con-
stant rate of 6 ml/min. The superfusion solution was continu-
ously bubbled with a 5% CO, and 95% N,-mixture to main-
tain a low and physiological level of oxygen around the cheek
pouch. A heater device was adjusted to maintain a tempera-
ture of 35 °C of the superfusion solution. The microvascular
permeability increase for large molecules (plasma leakage)
was quantified by counting sites with extravasation of fluo-
rescent plasma (leaky sites = leaks) at postcapillary venules
at 2-5 min intervals after topical application of L. donovani
promastigotes or L. chagasi metacyclic promastigotes.
Experiments were started by applying 0.5 ml of promastig-
otes (50 x 10°) or equivalent doses of parasite homogenates
(pHMG), to the HCP, for 10 min during interrupted superfu-
sion. A second application was made 30 min later when the
permeability increase observed after the first application had
been resolved and the cheek pouch had been cleared of FITC-
dextran. The first series (I) of experiments consisted of four
groups of 611 animals each and involved two applications
of L. donovani promastigotes in each hamster applied at a
30 min interval. In group I.1 (control), the HCP tissues were
superfused with normal medium. In group 1.2, the superfu-
sate was supplemented with 1 uM of the ACE inhibitor cap-
topril (Cap) (Sigma Chemical Co., St. Louis) for 5-10 min.
Group 1.3 consisted of superfusate containing Cap and 0.5 uM
(final concentrations) of HOE-140, a B,R antagonist (Aven-
tis Pharmaceuticals, Bridgewater, NJ, USA), added 10 min
prior to promastigote application. In group 1.4, parasites were
pre-treated with 10 uM of N-Pip-F-hF-VSPh (referred to as
K11777 in the Figures), an irreversible cysteine protease
inhibitor originally developed against cruzain [28]; separate
batches were kindly donated by Dr. J.H. McKerrow through
Dr.J. Engel (UCSF, San Francisco, CA) and by Dr. J. Palmer
(Axis Pharmaceutical). As controls for treatment with N-Pip-
F-hF-VSPh, the promastigotes were pre-incubated with buffer
containing the same final concentrations of DMSO, used as
the solvent. Finally 30 min after the second parasite applica-
tion (¢ = 60 min), we checked if the HCP responsiveness was
still maintained by adding 250 nM BK and 1 yuM Cap (final
concentrations) to the preparation for 5 min. This final func-
tional test with BK could not be done with HCP preparations
that previously received HOE-140 because this high affinity
antagonist cannot be efficiently removed from tissues by
washings. Rather, at the end of these particular assays, the
HCP preparation was challenged with 5 pM histamine for
5 min. Experiments using L. chagasi metacyclic promastig-
otes (series II.1-3), were performed as described above for L.
donovani promastigotes, except for that the second applica-



E. Svensji et al. / Microbes and Infection 8 (2006) 206-220 209

tion of L. chagasi parasites was not made. Series III con-
sisted of four groups of experiments of five to six animals
each, involving two consecutive topical applications of pHMG
(equivalent to 50 x 10° promastigotes) with 30 min intervals.
In the group HI.1 (control), the HCP was superfused with
normal medium. Group 111.2 consisted of superfusate supple-
mented with 1 pM Cap while in group I1I.3, Cap was com-
bined with 0.5 uM HOE-140 (IIL.3). All the experiments were
terminated 30 min after the second homogenate application
(t = 60 min), by applying BK (250 nM) and Cap (1 uM) for
5 min. Hamsters were randomly allocated to the different
treatment schedules within each cxperimental series. Data are
presented as mean + S.E.M. Statistical evaluation (between
groups) was performed with ANOVA followed by a Stu-
dent’s r-test. A P-value of 0.05 or less was considered to indi-
cate a statistically significant difference.

2.3. Mouse paw edema

Experiments were conducted as previously described [24],
using either male Balb/c, male wild-type (WT) J129, or male
J129 B,R7/™ mice [29], each weighing 35-50 g. housed at
22 + 2 °C with a 12-h light-dark cycle. Some of the animals
were pre-treated i.p. with Cap (Sigma, St. Louis, MO), at
4 mg/kg, 1 h before the injection of L. donovani promastig-
otes. Animals under light ether anesthesia received an i.d.
injection of 1 x 10° promastigotes suspended in 10 pl of PBS.
As a control, the contralateral paw received the same volume
of PBS. The specificity of the B,R responses was examined
by dorsal subcutaneous injection of HOE-140 (200 pg/kg)
1 h before parasite inoculation. pHMG treatment with N-Pip-
F-hF-VSPh (K11777) was performed as described for living
parasites in the previous section. Edema was measured with
the aid of a plethysmometer at time intervals after i.d. injec-
tions and was expressed in microliter (ul) (the difference in
volume between the test and control paws). Statistical evalu-
ations were determined by one-way ANOVA with a
P =0.05 significance level. Experiments were made in accor-
dance with current guidelines for the care of laboratory ani-
mals and ethical guidelines for cxperiments in conscious ani-
mals.

2.4. Biochemical and enzymatic characterization
of promastigote cysteine proteases

After harvesting the L. donovani promastigotes at day 7 or
L. chagasi metacyclics at day 5, the cells were washed twice
in Hank’s balanced salt saline (BSS) and lyzed in 20 mM
Na,HPO,, 150 mM NaCl, pH 7.2 (PBS) containing 1%
NP-40, on ice for 30 min. The soluble fraction was collected
by centriffugation at 13,000 x g for 10 min and the protein
concentration of the lysates was determined using the Dc-
Protein kit (Bio-Rad). The secretion products were obtained
upon incubation of washed cells (10® per ml) in BSS for
30 min. at 26 °C. The supernatant was collected by centrifu-
gation at 3000 x g for 5 min and filtered in a 0.22 pm acetate

membrane. The peptidase activity present in lysates (1 pg/m]
protein) or in the supernatants (1:20 dilution) was monitored
by the hydrolysis of 5 uM CBZ-Phe-Arg-MCA in 50 mM
Na,HPO,, 200 mM NaCl, 5 mM EDTA, pH 6.5, 5 mM DTT,
0.5% DMSO, in a Hitachi-F4500 fluorimeter at 380 nm exci-
tation, 440 nm emission. The initial velocities were calcu-
lated by linear regression of the substrate hydrolysis curves.
Where indicated, E-64 was added at 30 uM and N-Pip-F-hF-
VSPh (K11777) at 10 uM, final concentrations. Active-site
labeling of the parasite cysteine proteinases was carried out
by incubating the parasite lysates (30 pg) in 50 mM Na acetate
buffer, 200 mM NaCl, 5 mM EDTA, pH 5.5, 5 mM DTT or,
alternatively, as specificity controls, the same buffer supple-
mented with 30 uM of E-64, for 10 min. at room tempera-
ture. Labeling of the proteases was achieved by addition of
10 uM of biotin-aminocaproyl-N-Pip-urea-F-hF-VSPh
(biotin-N-Pip-urea-F-hF-VSPh) kindly donated by Dr.
J. Palmer (Axys Pharmaceutical, SF, US). The samples were
incubated for 1 h at RT and then boiled in SDS-2ME lysis
buffer. Proteins were resolved by SDS-PAGE and then trans-
ferred to nitrocellulose. The blotted membrane was treated
with PBS, 0.05% Tween-20, 9% non-fat milk, followed by
incubation with extravidin-alkaline phosphatase (Sigma).
Visualization of the reactive products in the blots was done
according to manufacturer’s instructions.

2.5. Parasite-mediated processing of purified HK

Stationary-phase promastigotes harvested at day 7 were
washed twice in saline. The cells were resuspended in HAM
pH 6.5 supplemented with 10 pg/ml of HK (Calbiochem) and
incubated for 1 h at 26 °C in the presence of DTT. Protease
involvement was studied by adding 10 uM of N-Pip-F-hF-
VSPh (K11777) or 50 mM of EDTA prior to parasite addi-
tion. Toxicity was minimal, since the mobility of flagellates
was the same as in controls, at the end of the incubation period.
Positive controls for HK processing were performed with tis-
sue kallikrein (TK) at 2 pg/ml. The cell-free supernatants from
these suspensions were boiled in SDS-lysis buffer, under
reducing conditions. Western blotting was carried out using
MBK3 (ascites, tested at 1:5000), an IgGl mAb directed
against the BK epitope of HK/LK [30]. Reaction products on
blots were identified using anti-mouse IgG conjugated to alka-
line phosphatase, as described above.

2.6. Macrophage infection assays

To determine the influence of kinin system on parasite
uptake, monolayers of resident mouse peritoneal macroph-
ages (BALB/c) or spleen adherent cells (isolated from
BALB/c mice or hamster as described below) were prepared
by plating the cells on glass coverslips. The interaction (host—
parasite interaction ratio of 1:5) proceeded for 4 hat37 °Cin
RPMI-10% FCS, or in scrum-free RPMI, supplemented, or
not, with Cap (25 uM) and/or HOE-140 (100 nM). At the end
of this period, the monolayers were fixed with methanol and
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stained by hematoxylin—eosin. A replica plate was used to
investigate the influence of kinin system activation (during
the 4 h interaction period) on extent of intracellular parasite
survival, 72 h later. To this end, the macrophage monolayers
that had been exposed to the parasites were washed at the end
of the interaction period and RPMI-FCS was added for addi-
tional 72 h, before being fixed and stained. Mouse resident
peritoneal macrophages (BALB/c) were obtained by inject-
ing 5-10 ml of saline into the peritoneal cavity. The cell sus-
pension was washed in saline 3x at 1500 rpm for 10 min and
then resuspended in serum-free RPML. After plating the cells
on glass coverslips at | x 10° per well in 24 well polystyrene
plates (Costar, NY, USA), they were incubated for4 hat37 °C
in a 5% CO, atmosphere. The non-adherent cells were
removed by successive washes with saline, while the adher-
ent cell population was incubated for 2 days in RPMI con-
taining 10% of fetal calf serum. To study the effect of exog-
enous BK or HK on mouse (BALB/c) spleen adherent cells,
we added increasing concentrations of BK (5-300 nM) or
HK (5-300 nM) to serum-free RPMI medium, prior to addi-
tion of parasites. Where indicated, Cap (25 uM) and/or HOE-
140 (100 nM) were added to RPMI-10% FCS or serum-free
RPMI, immediately before addition of washed promastig-
otes. To verify if parasite CP contribute to macrophage infec-
tion, promastigotes were pre-treated with N-Pip-hF-
VSPh/K11777 (10 uM) with 10 min at RT. After removing
the excess of the CP inhibitor by centrifugation (2500 rpm,
10 min), the K11777-treated promastigotes were then added
to the monolayer of peritoneal macrophages, in the presence
of RPMI-10% FCS). Adherent spleen cells, either derived
from hamster or BALB/c mice, were obtained after homog-
enizing the spleens (4-6) in 5 ml of serum- free RPMI. After
rc-suspending the cells in RPMI medium (GIBCO, Grand
Island, NY, USA), they were plated at 4 x 10° per well at
glass coverslips in 24 well polystyrene plates (Costar, NY,
USA) and incubated for 4 h at 37 °C in a 5% CO, atmo-
sphere. After removing non-adherent cells, the adherent cells
were further incubated for 5-7 days in RPMI medium supple-
mented with inactivated 10% FCS, HEPES (10 mM),
L-glutamine (2 mM), penicillin (100 U/ml), streptomycin
(100 pg/ml). By flow cytometry, 59% of the mouse adherent
spleen cells were CD11b*, Thioglycollate (TG)-elicited mac-
rophages from BALB/c (males) were isolated after inoculat-
ing 3 ml of 3% TG (Sigma). Three days latter, the exudate
peritoneal cells were collected by two washes (5 ml each) of
chilled PBS. The cells were then plated (5 x 10% cells per well)
on glass coverslips. After 24 h incubation in RPMI-10% FCS,
the monolayer of adherent cells was washed 3x with RPMI
and the wells were filled with RPMI-10% FCS. The interac-
tion between promastigotes and TG-macrophages (3 h) was
carried out in RPMI-10% FCS supplemented, or not, with
Cap and/or HOE-140, as described above. Intracellular para-
site numbers (per 100 cells) and % infected cells were deter-
mined at 72 h post-infection. In these particular experiments,
we used Bouin and Giemsa, respectively, to fix and stain
monolayers of TG-macrophages. Statistical comparisons were

made with the Kruskal-Wallis test. A P-value of < 0.05 was
considered to indicate statistically significant differences
between means.

3. Results
3.1. Promastigotes activate the kinin pathway in vivo

Since mice are relatively resistant to infection by Leish-
mania species that cause visceral leishmaniasis, we started
our investigations in the hamster, a susceptible host species
that exhibits manifestations that mimic several aspects of the
visceral human disease [31]. To study mechanisms underly-
ing Leishmania-induced inflammation at early stages of infec-
tion, we turned to the hamster cheek pouch preparation (HCP),
because it is a convenient model to study the dynamics of
plasma exudation or macromolecular leakage by intravital
microscopy [32]. The initial experiments (refer to Series I in
Section 2) were performed by topically applying stationary-
phase L. donovani promastigotes to the HCP during inter-
rupted superfusion. First, we studied the effects of parasite
addition in HCP superfused with normal medium (Groupl.1).
Moderate (and transient) macromolecular leakage responses
were consistently observed 15 min after L. donovani appli-
cation. (Fig. 1A). Addition of HOE- 140 did not prevent induc-
tion of this mild venular leakage reaction nor delay its evolu-
tion (data not shown), suggesting that it was driven by kinin-
independent mechanisms. We then reasoned that kinins
eventually generated under these conditions were swiftly
degraded by tissue metallopeptidases, such as ACE/kininase
II. To address this possibility, the ACE inhibitor captopril
(Cap) {33] was added to the superfusate. Indeed, the experi-
ments (Group 1.2) showed that permeability responses induced
by L. donovani were heightened in Cap-HCP (Fig. 1A). First,
the maximal response in the Cap group (86 = 19 leaks per
cm?) was significantly (P < 0.05) higher than that seen in
untreated control (51 + 3 leaks per cm?). Second, addition of
HOE-140 to the Cap-superfusate (Group 1.3) reduced mac-
romolecular leakage evoked by L. donovani (35 + 13 leaks
per cm?) (Fig. 1A), indicating that the observed enhance-
ment depended on activation of the constitutive B,R. Analy-
sis of the time course of macromolecular leakage at postcap-
illary venules indicated that it started within 10 min of parasite
challenge in Cap-HCP, that is, the activation response evolved
faster than in HCP superfused with normal medium. As with
controls, the permeability responses observed in Cap-HCP
consistently peaked at 15 min, being resolved at approxi-
mately 30 min. Although not recorded or measured, increased
rolling and adhesion of leukocytes were observed in postcap-
illary venules prior to plasma leakage. A second application
of promastigotes was made 30 min later, when the HCP has
been cleared from extravasated FITC-dextran. At this time,
virtually no leaks were observed (see arrow) indicating that
the first application of the pathogen induced a state of tachy-
phylaxis or preconditioning. Interestingly, a prominent leak-
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Fig. 1. Plasma lcakage in the HCP induced by L. donovani and L. chagasi
promastigotes was enhaneed by the ACE inhibitor, captopril.

Three series of hamster experiments were carried out (A--C) in which each
series consisted of three groups of animals (N =5 - 11 in each group and
altogether 60 hamsters) divided into control (@), Cap- () and Cap+HOE-
140-pretreatment (A). In all three series, Cap or Cap+HOE- 140 was applied
for 5 min prior to the application of promastigotes or their homogenates
(0.5 ml of 2 x 10® per ml) that remained on the HCP for 10 min. At 60 min,
BK (250 nM) was applied for 5 min. A. Mean number of postcapillary venu-
far leaks following two topical applications of 10* parasites (L. donovani)
on the HCP with 30 min interval. B. Mean number of postcapillary venular
leaks following two topical applications of pHMG (homogenates of 10® para-
sites, L. donovani) on the HCP with 30 min interval. C. Mean number of
postcapillary venular leaks following one topical application of 0.5 ml of
2 x 107 per ml of L. chagasi metacyclic parasites. There were no significant
(P > 0.05) differences between the responses to BK in captopril or control
groups in any of the three series but HOE-140 completely blocked the effect
of BK. (*) = P <0.05 as compared with control group.

t8K

age response was observed after addition of BK at this time
(197 = 43 leaks per cm®, N = 11), i.e. 60 min after the first
and 30 min after the second application of promastigotes. In
a separate series of experiments the response to BK at 30 min
after the first parasite application was even larger
(257 % 35 leaks per cm?®, N = 10). These results suggested that
the state of non-responsiveness to the second application of
the parasites was not caused by B,R down-regulation. At the
end of the Series I experiments, BK induced a prominent
microvascular leakage, indicating that the HCP was function-
ally preserved (Fig. 1A).

In the Series II experiments, the Cap-HCP tissues were
treated with L. chagasi promastigotes. Apart from belonging
to a different Leishmania complex, the L. chagasi pre-
paration used here (isolated from 10% Ficoll gradient cush-
ions) was enriched with complement resistant metacyclic pro-
mastigotes (Fig. 1C). Similar to data obtained with
L. donovani complex, the maximal response in the Cap group
(231 £ 50 leaks per cm?) was significantly (P < 0.05) larger
than the response in the Cap + HOE-140 (100 + 23 leaks per
cm?) and the control group (68 + 14 leaks per cm?). More-
over, the venular leakage that L. chagasi evoked in Cap-HCP
was reduced by HOE-140. Of note, the L. chagasi metacy-
clics provoked a larger and more lasting response in Cap-
HCP, peaking at 18 min as compared to 15 min observed with
L. donovani (Fig. 1C). Another difference with respect to
L. donovani-induced responses was that L. chagasi metacy-
clics were able to provoke significant, albeit moderate B,R-
dependent leakage in the absence of Cap (data not shown).
The reasons for the greater dependence of ACE inhibitor on
L. donovani assays as opposed to those observed with L. cha-
gasi are not known, but could relate to qualitative/quantitative
differences in the expression of molecules that initiate inflam-
mation by metacyclic versus stationary-phase promastigotes.
As to the different kinetics observed with these two species,
it is also possible that species specific differences in surface
expression of hyaluran-binding proteins {34} may influence
the parasite ability to move/migrate through the hyaluran-
rich extracellular matrix of the HCP.

The critical role of B,R in parasite-driven inflammation
was further demonstrated by studying L. donovani-evoked
edema in the mouse paw. As in the studies with the HCP,
vigorous edematogenic responses were observed in BALB/c
(Fig. 2A) or 1129 wild-type mice (Fig. 2B) pre-treated with
the ACE inhibitor. The responses in Cap-treated BALB/c were
blocked by HOE-140 while the promastigotes failed to evoke
significant edematogenic responses in Cap-B,R (7/7) mice
(Fig. 2B).

3.2. Homogenates of promastigotes activate the kinin
pathway in hamster and mice

In a third series of experiments, we asked if infection was
critically required for the induction of the microvascular
responses induced by the parasites. We first approached this
question by testing the effects of L. donovani homogenates
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Fig. 2. Captopril potentiates B,R-driven edema in mice injected with L. donovani.

A. Data represent mean values of differences between right and left paw volumes measured 3 h after inoculation of 10 x 10° promastigotes in the right paw of
BALB/c mice while the contralateral paw was mjected with PBS. Cap (4 mg/kg) was injected i.p. | h before parasite inoculation (N = 5), while a second group
of mice received PBS as a control. The third group was pre-treated with Cap and HOE-140 (200 _g/Kg). B. L. donovani promastigotes were inoculated in the
paw of male witd-type (WT) J129, or male 1129 B,R/~ mice. Both groups received Cap (4 mg/kg) 1 h prior to infection. (¥) = P < 0.05. C. Edema (3 h) induced
by pHMG (equivalent to 10 x 10° L. donovani) inoculation in the mouse paw. Mice were pre-treated with Cap or HOE-140 as described above. Each group

consisted of 5 mice. (*) = P < 0.05

(pHMG) (Fig. 1B)—the dose used being equivalent to that of
living promastigotes. Unlike the potent but protracted B,R-
driven leakage responses elicited by living parasites (see for
comparison Cap-HCP, in Fig. 1A). the microvascular reac-
tion induced by pHMG/Cap was mild (P < 0.05) but evolved
faster, peaking within 5—-10 min of topical application (Group
II1.1), being extinguished more rapidly than observed with
living parasites (Fig. 1A). It is noteworthy that Cap-HCP
responded to the second (consecutive) application of pHMG
(Fig. IB), i.e. we did not observe the characteristic tachyphy-
laxis induced after the first stimulation by living promastig-
otes (see for comparison Fig. 1A). Interestingly, the macro-
molecular leakage elicited by the first application of pHMG
did not significantly involve the kinin pathway (Fig. 1B)
because the responses were only marginally increased by Cap
(Group I11.2) and HOE- 140 did not significantly reduce these
permeability changes (P > 0.05), irrespective of the presence
or absence of Cap (Group 11L.3). Strikingly, however, addi-
tion of the ACE inhibitor significantly augmented the leak-
age induced by the second pHMG application, 30 min later
(P < 0.05) (Fig. 1B) and this response was abrogated by HOE-
140 (P < 0.05). Hence, our data suggest that the primary
inflammatory response evoked by pHMG (i.e. driven by kinin-
independent pathways) has rendered the microvascular bed
more sensitive to the endogenously released kinins generated
upon the second pHMG challenge (B,R dependent). Assays
in the mouse model (paw edema) confirmed that pHMG
induces permeability changes via B,R (Fig. 2C). Like the
effects of living parasites, the edematogenic responses induced
by pHMG are down-regulated by ACE.

3.3. Activation of the kinin pathway in vivo depends on
the activity of L. donovani cysteine proteinases

As mentioned in the introduction, previous studies on
T. cruzi trypomastigotes have linked the activation of the kinin
system to the activity of cruzipain, the parasite’s major cys-

teine proteinase (CP; reviewed in [35]). Given indications that
L. donovani promastigotes also express developmentally regu-
lated cathepsin L-like CP [36], we first asked if L. donovani
could rely on CP to activate the kinin system. We first evalu-
ated if parasite pre-treatment with N-Pip-F-hF-VSPh
(K11777) would impair their ability to activate the mouse
kinin pathway in vivo. Indeed, the results (Fig. 3B) show that
the edema evoked by K11777-treated promastigotes was sig-
nificantly attenuated in Cap-BALB/c, as compared to re-
sponses induced by control parasites. Consistent with these
results, an attenuated microvascular leakage response was
observed when we applied K11777-treated promastigotes to
Cap-HCP (Fig. 3A). Combined, these experiments suggest
that L. donovani promastigotes share with 7. cruzi the ability
to activate the kinin pathway through cysteine proteinases.
Further, the potentiation observed in Cap-treated animals
implies that ACE down-modulates the otherwise robust
inflammatory response that these pathogens can evoke in
mammals. Consistent with these results, K11777-treated
pHMG did not induce significant edema in Cap-mice (data
not shown).

3.4. L. donovani promastigotes liberate kinins from HK
through the activity of cysteine proteinases

Whether exposed at the cell surface or originating from
extravasated plasma, kininogens must be properly processed
in order to release kinins. In a previous study [23], we used
Western blotting with mAb MBK3 to identify the bradykinin
epitope (domain 4) in soluble HK molecules incubated with
living T. cruzi trypomastigotes. Here we extended this analy-
sis to L. donovani promastigotes. First, we checked if the
parasites generated HK fragments, identified with a mAb
(HKL13) directed against its light chain. The degradation pro-
files were too complex (data not shown), resembling of those
described for HK processing by cruzipain {23]. Most impor-
tantly, however, was the profile observed with MBK3 (Fig. 4).
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Fig. 3. Parasite cysteine proteinases are required for kinin pathway activa-
tion in vivo.

A. Comparison of permeability inducing properties of living L. donovani
promastigotes pre-treated with 10 uM of the irreversible cysteine proteinase
inhibitor N-Pip-F-hF-VSPh (K11777) versus PBS/DMSO-treated controls.
Data represent mean number of postcapillary venular leaks following two
topical applications of parasites (contro! or pre-treated with K11777) at 0 and
30 min followed by one final application of BK (250 nM) at 60 min (see
arrow). The HCP was superfused with 1 uM of Cap. (*) = P < 0.05. B, Edema
induced by paw inoculation of L. donovani promastigotes in Cap-treated
BALB/c mice. The parasites were pre-trcated with K11777, as described
above.

First, our positive control shows that the BK epitope was lost
when HK was treated with tissue kallikrein (Fig. 4, track €)
or when it was incubated with L. donovani promastigotes
(Fig. 4, track b). Interestingly, addition of N-Pip-F-hF-VSPh
(K11777) to the parasite suspension partially inhibited the
proteolytic excision of the BK epitope {from intact HK mol-
ecules (Fig. 4, track c). As an additional control, the addition
of EDTA, aimed at inhibiting metalloproteinases, such as
Gp63 [37], had only marginal protective effects on the BK
display (track d), thus ruling out an important role for these
developmentally regulated metalloproteinases. Our data sug-
gest that whether acting alone or in conjunction with other
parasite proteinases, L. donovani cysteine proteinases may
efficiently process HK, the reaction being coupled to libera-
tion of the bradykinin moiety. Assays performed with L. cha-
gasi metacyclic promastigotes indicated that BK was also
released from HK, but at lower efficiency as compared to
L. donovani {data not shown).

| e—HK

MBK3

Fig. 4. Parasite-mediated processing of HK is cysteine proteinase dependent
and promotes excision of the BK epitope. Stationary-phase L. donovani pro-
mastigotes were resuspended in HAM (pH 6.5) supplemented with 10 pg/ml
of HK and incubated for I h at 26 °C in the presence of DTT. Involvement of
cysteine proteases and metalloproteinases were studied by adding 10 uM of
N-Pip-F-hF-VSPh (K11777) or 50 mM of EDTA. At the end of the incuba-
tion period, parasite motility was the same as in untreated controls. The cell-
free supernatants were boiled in SDS-2-ME lysis buffer. Western blotting
carried out using mAb anti-BK (MBK3) Positive controls for proteolytic
excision of BK were performed by mixing tissue kallikrein (2 pg/ml) with
the HK sample. Arrow indicates position of intact HK chain (118 kDa).
Lanes (a), HK control; (b), HK + Promastigotes; (c), HK + N-Pip-F-hF-
VSPh-treated-promastigotes; (d), HK + EDTA-treated-promastigotes; (e),
HK + TK.

3.5. Molecular characterization of kininogenases

from L. donovani and L. chagasi

Considering that L. donovani and L. chagasi cysteine pro-
teinases are sensitive to N-Pip-F-hF-VSPh (K11777), we set
out to investigate their biochemical properties in NP-40 lysates
from L. donovani and L. chagasi promastigotes. In both spe-
cies, we detected E-64 and K11777-sensitive peptidases in
either (i) living parasites (Fig. SA) (ii) culture supernatants
(Fig. 7B) and (iii) NP-40 lysates (Fig. 5B; for brevity, only
the data with L. donovani is illustrated). The active enzymes
present in NP-40 lysates were characterized by affinity-
labeling the L. donovani cysteine proteinase(s) with biotin-
N-Pip-urea-F-hF-VSPh. As specificity controls, we pre-
incubated the lysates with E-64, prior to treatment with the
biotinylated N-Pip-urea-F-hF-VSPh probe. The biotinylated
reaction products (Fig. 5C) identified papain-like enzymes of
35-40 kDa as the L. donovani targets of N-Pip-urea-F-hF-
VSP.

3.6. Activation of the kinin pathway modulates the uptake
of promastigotes by macrophages

Earlier work with T. cruzi {21,23] suggested that cruzipain-
mediated proteolysis of HK may occur when the kinin pre-
cursor proteins bind to heparan sulfate or other surface bind-
ing sites on endothelial cells [38,39]. Initial studies with L.
donovani suggested that similar mechanisms underlie para-
site uptake by mouse peritoneal inflammatory macrophages
(PR. Batista and J. Scharfstein, data not shown). Encouraged
by these preliminary data, we then examined if HK could
serve as kinin precursors for L. chagasi CP during the patho-
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Fig. 5. Molecular characterization of L. donovani cysteine protease(s). (A)
Promastigotes obtained after 7 days of culture were lyzed in PBS-1%
NP-40 on ice. The soluble fraction was recovered by centrifugation and the
peptidasc activity of the lysates (1 pg/ml) was monitored by the hydrolysis
of CBZ-Phe-Arg-MCA. (A) The plot shows the increase of fluorescence with
time, reflecting product formation. The synthetic cysteine protease inhibitor
N-Pip-F-hF-VSPh (K11777) was added at a 10 uM final concentration. (B)
The peptidase activity contained in lysates and in culture supernatants was
monitored as described in A. E-64 and N-Pip-F-hF-VSPh were added at
30 uM and 10 pM final concentration, respectively. The % of inhibition was
determined by comparing the initial velocities (as described in Section 2),
where control was estimated as 100%. (C) Active-site labeling of cysteine
proteases was accomplished by treating parasite lysates (30 pg) with 10 pM
of biotin-coupled N-Pip-F-urea-hF-VSPh for | h. RT (lane 1); or in the same
buffer supplemented with 30 uM of E-64, prior to the addition of the bioti-
nylated probe (lane 2). The samples were separated by SDS-PAGE, blotted
onto nitrocellulose and the reactive products were visualized upon treatment
with avidin-alkaline phosphatase.

gen’s interaction with macrophages. In the first series of
experiments (Fig. 6A~C), we determined the extent of para-
sitc uptake after 4 h interaction with spleen adherent cells

(59% CD11b positive) isolated from BALB/c mice. Addition
of BK, over a range of concentrations (5-300 nM) to Cap-
RPMI medium (serum-free), modulated parasite uptake by
the spleen adherent cells, yielding a bell-shaped dose—effect
profile (Fig. 6A). At low concentrations of BK, the number
of internalized amastigotes gradually increased, peaking at
10 nM BK (Fig. 6A) (P < 0.001). In contrast, adherent spleen
cells treated with high-doses of BK (100-300 nM) showed
reduced numbers of internalized parasites (P < 0.001), most
likely reflecting down-regulation of B,R by agonist excess
(Fig. 6A). The same bell-shaped profile was also observed
when the effect was calculated as the percentage of cells
infected (data not shown). Given indications that BK modu-
lates promastigote uptake by the mouse spleen adherent cells
in a dose-dependent manner, we then asked if purified
(human) HK could serve as an exogenous source of kinin
precursor protein, the underlying premise being that the para-
sites would rely on CP to liberate the B,R kinin agonist, as
suggested by previously presented data (Figs. 3 and 4). Indeed,
the results showed that HK (5-300 nM) induced dramatic
changes in parasite uptake by spleen adherent cells (Fig. 6B).
As in the bell-shaped profile induced by BK, addition of
excess HK (>100 nM) to Cap-medium reduced parasite uptake
to baseline levels (P < 0.001). Peak values for HK were
observed at slightly higher concentration (30 nM) (P < 0.001)
than BK. suggesting that about 30% of the exogenously sup-
plied HK proteins were quantitatively converted into B,R ago-
nists during the 4 h period of host—parasite interaction
(Fig. 6B). Further, the stimulation of parasite uptake observed
at the optimal (30 nM) dose of HK was abolished by HOE-
140 (Fig. 6C). These results suggested that HK modulated
parasite uptake by mouse spleen adherent cells via release of
the B,R agonist, rather than acting merely as cell adhesive
molecules [40]. To verify if the B,R agonist was released from
HK (tested at 30 nM) via parasite cysteine proteinases, we
added the CP inhibitor K11777 (10 uM) to the Cap-RPMI
medium. The results (Fig. 6C) show that uptake of K11777-
treated promastigotes by mouse adherent spleen cells was sig-
nificantly reduced (# < 0.01), and to the same extent as the
B,R antagonist, HOE-140. Furthermore, the combination of
K11777 and HOE-140 did not further attenuate parasite
uptake by the spleen adherent cells (Fig. 6C), suggesting that
HK and CP are components of the same activation pathway.
We then checked if these findings were also applicable to
spleen adherent cells, isolated from the hamster. Addition of
Cap alone to the hamster adherent cells (i.e. in the absence of
exogenous BK or HK) led to a slight increase (P < 0.05) in
parasite uptake (Fig. 6D). Albeit mild, this enhancement was
abolished by HOE-140 (Fig. 6D). These results suggest that
endogenous kininogens, cither adsorbed from bovine serum
on cell surfaces [23] or synthesized de novo by the hamster
spleen cells, may have served as “endogenous” kinin precur-
sor molecules. Consistent with data shown for mice spleen
adherent cells (Fig. 6A), addition of 50 nM BK to Cap-
medium further increased parasite uptake by hamster spleen
cells, whereas HOE- 140 antagonized these effects (P < 0.05)
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Fig. 6. Activation of B,R modulates uptake of promastigotes by macrophages. A. Dose-dependent effects of exogenous BK. Mouse (BALB/c) spleen adherent
cells were incubated with Cap (25 pM) in serum-free RPMI supplemented with BK (5-300 nM) 5 min before addition of Leishmania promastigotes (parasite-
:macrophage ratio of 5:1). The interaction proceeded for 4 h in RPMI. B. Dose-dependent modulation of parasite uptake by purified HK. Same cells as described
above, using HK (5-300 nM) and Cap. C. Interplay of cysteine proteinases, ACE and HK in the modulation of promastigote uptake by adherent spleen cells.
Interaction was performed in serum-free RPMI, as described above, in the presence or absence of HK (30 nM), Cap (25 uM), HOE-140 (100 nM), and/or the
cysteine protease inhibitor K11777 (10 pM). D. HK modulates uptake of promastigotes by hamster spleen adherent cells. Interaction of hamster spleen adherent
cells with L. chagasi promastigotes (5:1) was carried out for 4 h in serum-free RPMI supplemented with BK (30 nM). Where indicated, HOE-140 (100 nM) was
added to Cap-medium. E. Activation of B,R stimulates uptake of promastigotes by mouse resident peritoneal macrophages. Promastigotes were incubated with
BALB/c resident peritoneal macrophages for 4 h in serum-free medium supplemented, or not, with Cap (25 uM), HK (30 nM) and/or HOE-140 (100 nM). F.
Interplay between parasite cysteine proteinases, serum-bovine kininogens and ACE influences the extent of parasite uptake by mouse resident peritoneal
macrophages. Interaction with resident peritoneal macrophages was performed as described above, except for the presence of 10% FCS in the RPMI medium.
The influence of parasitc CP was tested by pre-incubating (10 min) stationary-phasc promastigotes with K11777 (10 pM). After removing the excess of
K11777 by washing, the K11777-treated promastigotes were added to the interaction medium, in the presence or absence of Cap and/or HOE-140. Data values
for % infected cells (not shown) matched number of parasites per 100 host cells. (*) P < 0.05, (**) P < 0.01, (***) P < 0.001 for difference between groups.

(Fig. 6D). In short, these data suggest that, irrespective of the suggest that this kinin-driven cellular response is tightly regu-
origin of spleen adherent cells, i.e. mice or hamsters, parasite- lated by ACE.
induced activation of B,R stimulates pathogen uptake by Given that spleen cells contain a heterogeneous popula-

spleen adherent cells. Of note, the potentiating effects of Cap tion of macrophages, the above experiments were repeated



216 E. Svensjo et al. / Microbes and Infection 8 (2006) 206-220

12 *%

Infection rate (%)

2

0 4o —
Cap - - + +
HOE-140 - + - +

B

*hk LA g

Infection rate (%)

0l

Cap - - + +
HOE-140 - +

H
+

*k
0
g 15
o]
<}
b
0 10 -
2L -
g 1
S )
. . - -

0 Lo SR RO ... BRRR........b ...
Cap - - + +
HOE-140 « s - +

25 kdhk

poe—————

w2

'g *AR
g 15

2

@

2w

o0

5

a s

o) me— ﬁ -

Cap - - + +
HOE-140 - + - +

Fig. 7. Intracellular amastigote outgrowth in resident or TG-induced macrophages is differentially modulated by ACE and B,R. A, kinins and ACE modulate

amastigote outgrowth in resident peritoneal macrophages.

The 4 h host—parasite interaction was carried out in RPM1-10% FCS, supplemented or not with Cap and/or HOE-140. At the end of this period (4 h), the
parasites remaining in supernatants were removed, the wells were washed, and fresh RPMI-FCS was added for another 72 h. B, B,R modulates amastigote
outgrowth in TG-induced macrophages. Interaction between host and parasites were carried out in RPMI-FCS as described above. Results are expressed either
as % infected cells (left panel) or number of intracellular amastigotes/100 macrophages (right panel). (*) P < 0.05, (**) P < 0.01, (¥**) P < 0.00] for difference

between groups.

with mouse peritoneal macrophages. As in the previous
assays, the interaction with resident peritoneal macrophages
(BALB/c) was initially performed in serum-free RPMI
medium. Addition of Cap alone had little effect on parasite
uptake by resident macrophages. However, the parasite inter-
nalization was greatly enhanced (£ < 0.001) upon addition
of purified HK to the Cap-treated cultures (Fig. 6E). We noted
that the baseline levels of parasite uptake observed in the
absence of Cap (see left bar, Fig. 6E) were far lower than
expected for fully functional phagocytic cells. This raised con-
cerns that serum-deprivation, during the host—parasite inter-
action period (4 h), had decreased the phagocytic activity and,
possibly. other key functions of mouse peritoneal macroph-
ages. To eliminate this potential artifact, macrophage-
parasite interactions were then exclusively carried out in
medium containing RPMI-10% FCS. As anticipated, base-
line levels of parasite uptake by the macrophages were now
markedly increased (about eightfold, sec Fig. 6F, control bar)
as compared to the baseline values observed in the absence
of serum (Fig. 6E). The addition of the ACE inhibitor again
stimulated increase in parasite uptake (P < 0.001) (Fig. 6E).

Furthermore, the Cap-driven potentiation of parasite uptake
by resident macrophages was blocked by HOE-140, further
implicating the B,R activation pathway in this process
(Fig. 6F). In the same set of experiments, we again used
K11777 to verify if the activity of parasite-derived CP was
required for B,R-driven uptake of parasites in RPMI-10%
FCS. To eliminate risks of non-specific eftects of K11777 on
macrophage CP, the promastigotes were pre-treated for 10 min
with K11777. After removing the excess of irreversible CP
inhibitor from the cultures, we added K11777-treated pro-
mastigotes to the RPMI-FCS cultures. The data revealed that
macrophages did not efficiently internalize K11777-
promastigotes (Fig. 6E). These data suggest that generation
of B,R agonists in the cultures may depend on parasite
CP-mediated processing of bovine serum kininogens.

3.7. Parasite survival in resident and TG-macrophages is
differentially modulated by B,R and ACE

After demonstrating that kinin pathway activation modu-
fates promastigote uptake by resident macrophages, we stud-
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ied the fate of the internalized parasites, 72 h later. In this set
of experiments, promastigotes were incubated with macroph-
ages (4 h) in RPMI-10% FCS, in the presence (or not) of Cap
and/or HOE-140. At the end of this period, the cultures were
washed, and then incubated with fresh RPMI-FCS for another
72 h. Our results (Fig. 7) indicate that the increased parasite
uptake observed after 4 h of cellular interaction in Cap-
medium (RPMI-FCS) (Fig. 6F) did not translate into increased
parasite survival (Fig. 7A), whether measured as percentage
of infected cells (Fig. 7B, left panel) or number of intracellu-
lar amastigotes/100 cells (Fig. 7B, right panel). The presence
of HOE-140 alone in the cellular interaction (4 h) medium
(RPMI-10%FCS) did not stimulate parasite survival, 72 h
post-infection. Surprisingly, however, a vigorous increase
(19 fold) of intracellular amastigotes was observed in cul-
tures (72 h post-infection) that had been treated, during the
4 hinteraction period, with both Cap and HOE- 140 (P < 0.05)
(Fig. 7A). The finding of this prominent amastigote burden at
72 h post-infection indicates that blockade of B4R signaling
and ACE activity during the 4 h interaction period has con-
verted resident macrophages into more susceptible hosts for
L. chagasi. In other words, the combined action of HOE-
140 and Cap on resident macrophages suppressed the host
protective responses that, in normal cells, efficiently con-
strain intracellular amastigote outgrowth.

We then asked if activation of the kinin system modulated
parasite survival in inflammatory macrophages. Strikingly,
the results showed that here, presence of HOE-140 during
the 4 h interaction period vigorously stimulated parasite sur-
vival (72 h post-infection) in TG-macrophages (Fig. 7B, left
and right panels). Importantly, the ACE inhibitor was not
required here, indicating that HOE- 140 mediated blockade
of B,R signaling was sufficient to suppress the innate re-
sponses of TG-macrophages, converting them into highly sus-
ceptible host cells.

4. Discussion

This study was initiated because the innate immune sys-
tem is known to be modulated by kinin peptides {13] and its
principal aim was to establish if the kinin pathway was acti-
vated by the Leishmania species that cause visceral leishma-
niasis. The choice of the hamster as one of the animal models
was based on the fact that this particular species reproduces
the pathological manifestations of visceral leishmaniasis
observed in humans. Initially, our intravital microscopy stud-
ies showed that in the absence of ACE inhibitors, the L. dono-
vani promastigotes evoked moderate but significant microvas-
cular leakage, via kinin-independent pathways. L. chagasi
metacyclics also induced moderate leakage in absence of Cap,
but this response was abolished by HOE-140 (data not shown).
We are currently studying if differences in parasite-induced
activation of complement [2,4,41] or production of PAF [42]
may influence the extent of kinin system activation. In order
to improve the detection of short-lived kinin peptides, pro-

duced in tissues exposed to promastigotes, we used a strat-
egy that had proved rewarding in our previous studies of
endothelial interactions with 70 cruzi [21,23,24]. This involved
blockade of kinin-degradation pathways by pre-treating the
HCP or mice with ACE inhibitor, prior to challenge with para-
sites. Pharmacological interventions, combined with the use
of B,R/™ mice, showed that the macromolecular leakage
(hamster) and edematogenic inflammation induced by L.
donovani or L. chagasi promastigotes in animals pre-treated
with Cap depended on activation of B,R by endogenously
released bradykinin or lysyl-bradykinin. Time course studies
revealed that the B,R-dependent leakage induced by promas-
tigotes evolved rather slowly in the Cap-HCP. The response
was clear by 10 min after parasite application, it peaked at
15 min and decreased sharply thereafter. These temporal
dynamics contrasted with the immediate response induced
by topical application of histamine or bradykinin, which typi-
cally peaked after 2 min, but not later than 5 min [43,44], and
were also different from the vascular leakage observed after
ischemia/reperfusion (peak value at 10 min of reperfusion), a
process caused by activated leukocytes [45]. Our finding that
L. chagasi promastigotes elicited a somewhat delayed
response (peaking at 18 min) as compared to L. donovani
(15 min) is intriguing, in view of the overall similarities of
the activation profile of these species. The reasons for this
difference in kinetics are not known, but could possibly be
related to differential ability of these flagellates to move or
migrate through the hyaluran-rich extracellular matrix of the
HCP [34].

Although not quantified here, we have consistently ob-
served increased rolling/adhesion of leukocytes in postcapil-
lary venules soon after promastigote application. This is of
interest in the light of studies in the rat mesentery showing
that application of high-doses of synthetic BK caused leuko-
cyte rolling/adhesion to the endothelium by a P-selectin and
ICAM-1 dependent pathway, due to the action of oxidative
products generated via cytochrome P-450 [46]. Interestingly,
recent observations made in a mouse airpouch model indi-
cate that Leishmania-induced neutrophil migration within a
few hours, the cellular responses being coupled with forma-
tion of pro-inflammatory cytokines (TNF-a and IL-1f3) [47].
At the present time, the nature of the mediators that induce
early leukocyte-endothelium adherence in Cap-HCP exposed
to L. donovani or L. chagasi promastigotes is unknown.
Rather than kinins, inflammation evoked by promastigotes of
the L. donovani complex may also depend on pattern recog-
nition by innate immunity receptors, such as those from the
Toll-like receptor (TLR) family [48]. The complement sys-
tem is another pathway worth considering in this context,
because there is evidence that complement anaphylatoxins
induce microvascular leakage in the cheek pouch {49]. In addi-
tion, activation of the complement system was previously
implicated in the acute inflammatory process, which L. cha-
gasi promastigotes induced in hamsters [41]. Hence, whether
induced by anaphylatoxins, by TLR-dependent activation of
leukocytes [48], or by other as yet uncharacterized activation
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mechanisms, impairment of the integrity of the endothelial
barrier at very early stages of inflammation elicited by L. cha-
gasi or L. donovani may allow cfflux of plasma proteins,
including kininogens, into extravascular infection sites. Act-
ing further downstream, parasite proteases may then process
the rapidly accumulating kinin precursor proteins, liberating
high levels of kinins that, acting through B,R, further amplify
the initial inflammatory reaction.

Studies with homogenates of promastigotes offered clues
to the molecular basis of this process. First, we found that the
kinin system can be activated without need of active infec-
tion. Assays with parasite homogenates (pHMG) indicated
that diffusible pro-inflammatory molecules are entrapped
within dead/disrupted parasite cells. pHMG evoked rapid
macromolecular leakage (peaking at 10 min, Fig. 1B), a fea-
ture that contrasts to the relatively protracted (15 min) per-
meability responses induced by living Leishmania flagel-
lates. Of note, HOE-140 did not block the microvascular
leakage elicited by the primary pHMG provocation, suggest-
ing that inflammation is initiated by a kinin-independent route.
By contrast. the B,R antagonist efficiently blocked the leak-
age response elicited by the subsequent pHMG challenge.
These results suggest that activation responses elicited by the
first pHMG provocation may have rendered the pouch’s
microvascular bed hypersensitive to the B,R agonists, formed
by the second application of the homogenates. As already
discussed, it is possible that the plasma leakage induced by
the first pHMG stimulus led to accumulation of blood-borne
kininogens, the kinin precursor proteins, into to extravascu-
lar tissues. Upon second provocation, the CP entrapped within
pHMG may then generate kinins, activating the endothelium
via B,R.

Assays performed with the cysteine proteinase inhibitor
N-Pip-F-hF-VSPh (K11777) [28] suggested that promasti-
gote-derived CP participate in the molecular mechanisms
underlying kinin system activation in vivo (i.c. mouse model
of inflammation in the paw and microvascular leakage in ham-
ster cheek pouch) and in vitro (parasite uptake by macroph-
ages). It remains to be determined if this process is facilitated
by other peptidases, either from parasite or host origin. How-
ever, immunochemical studies revealed that K11777 could
inhibit L. donovani-mediated processing of purified HK, an
enzymatic reaction that is coupled to excision of the kinin
moiety from soluble HK. Affinity-labeling of parasite lysates
with biotin-N-Pip-F-hF-VSPh characterized these CP as
enzymes with apparent molecular weights of 35-45 kDa.
These values are lower than predicted for the full length prod-
uct of cathepsin L-like genes [36], most likely because they
correspond to mature enzymes that have lost their proteolytic-
sensitive C-terminal extension, as reported for other type 1 CP
described in various pathogenic trypanosomatids [50]. Sys-
tematic analysis of the substrate specificity of individual
recombinant CP isoforms from L. chagasi and L. donovani
promastigotes is required to characterize the molecular
mechanisms underlying the kinin-release reaction. The pos-
sibility that the kinin-releasing CP activity of promastigotes

may be upregulated by extracellular matrix constituents (e.g.
hyaluran) is worth considering, in view of previous studies
with T. cruzi showing that heparan sulfate proteoglycans posi-
tively modulate cruzipain-mediated processing of HK [23].
It was suggested that the activity of cystatin-like domains of
HK (which otherwise function as potent CP inhibitors) is con-
strained as result of mutual cooperative interactions of hepa-
ran sulfate chains with both HK and cruzipain, the end result
being increased liberation of bioactive kinins [50].

As a surface peptidase expressed by macrophages [51],
ACE (CD143) may also modulate the outcome of kinin—
driven interactions with L. chagasi. Indeed, assays of para-
site uptake indicated that ACE down-modulates the macroph-
age responses which kinins otherwise convey via B,R. First,
we showed that addition of exogenous BK or HK to serum-
free (Cap-treated) macrophage cultures modulated parasite
uptake in a dose-dependent manner, due to the activation of
B,R. The bell-shaped dose—effect profiles induced by BK
were rather similar to the previously reported B,R-driven
potentiation of 7. cruzi infectivity of non-phagocytic cells
([21,24] Moreover, the findings that macrophages exposed to
K11777-treated promastigotes did not efficiently internalize
these pathogens further suggest that the catalytic activity of
L. chagasi CP is required for parasite-mediated generation
of B,R agonists.

It is noteworthy that in all the in vitro systems tested, irre-
spective of (i) presence or absence of serum in the interaction
medium (ii) species (hamster or mouse) or (iii) tissue origin
of macrophages (peritoneal versus spleen), the parasite uptake
was drastically enhanced upon addition of ACE inhibitor
(Cap) to the interaction medium. Further, HOE-140 consis-
tently antagonized the potentiating effects which Cap induce
on parasite uptake, thus implicating the B,R signaling path-
way as the transducer of this innate effector response in mac-
rophages. Additional studies are required to determine if acti-
vation of kinin/B,R signaling pathway exerts this role by
upregulating surface expression and/or activity of phago-
cytic receptors such as mannosyl/fucosyl receptors, CR3
[3,52] or via scavenger receptors. Alternatively, kinins may
stimulate active cellular invasion, perhaps engaging the
B,R/[Ca*],-dependent mechanism which drive 7. cruzi infec-
tion of endothelial cells and cardiomyocytes [21,24].

The fate of the promastigotes that were internalized via
the kinin/B,R-dependent and independent routes was also
investigated in our experiments. We performed these studies
with resident peritoneal macrophages rather than spleen adher-
ent cells, thus avoiding uncertainties related to heterogeneity
of the mouse or hamster spleen macrophage population.
Moreover, the interaction between parasites and peritoneal
macrophages (4 h) was performed in RPMI-(10%) FCS,
rather than in serum-free medium, to exclude stress-related
ctfects caused by serum deprivation. Our results showed that
the increased uptake of promastigotes by resident macroph-
ages, i.e. the Cap-induced eftects, resuiting from increased
activation of B,R (see effect of ACE inhibitor; Fig. 6D) did
not translate into increased amastigote survival (assessed 72 h
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after initial host—parasite interaction, see Fig. 7A). On the
contrary, the numbers of amastigotes (or % infected macroph-
ages) found in Cap-cultures were as low as those of control
macrophage cultures (Fig. 6D), notwithstanding the fact that
these macrophages had initially internalized high numbers of
promastigotes (Fig. 6F). Intriguingly, the addition of HOE-
140 to the Cap-treated cultures drastically increased parasite
survival at 72 h (Fig. 7A, B). Considering that the low para-
site uptake observed at the end of the 4 h interaction period
(see data for HOE-140 + Cap, Fig. 6F), the finding of
increased parasite burden at 72 h post-infection suggests that
early blockade of B,R, when combined with ACE inhibition,
converts the relatively resistant, resident macrophage into a
highly susceptible host cell. Thus, the effects of the ACE
inhibitor on the host—parasite interactions introduced a bias
in the innate response of resident macrophages, somehow
linking ACE function to regulation of the kinin/B,R activa-
tion pathway.

In contrast to the above studies, analysis of inflammatory
(TG-elicited) macrophages revealed that ACE inhibition not
necessary for the kinin/B,R-dependent control of intracellu-
lar parasite outgrowth. Here, parasite survival was drastically
increased in cultures supplemented with HOE-140, irrespec-
tive of presence or absence of Cap. These data suggest that
B,R on TG-macrophages may have a lower activation thresh-
old for kinins. Although not investigated here, it will be worth
determining if the kinin/B,R signaling pathway may nega-
tively modulate mechanisms underlying TGF-J3 production
by macrophages. This possibility is intriguing, in light of
recent evidence identifying L. chagasi-derived CP as enzymes
that convert latent TGF-f into active TGF-f [53], a suppres-
sor of macrophage activation.

In summary, our study demonstrates that activation of the
kinin system by L. chagasi and L. donovani modulated
inflammation and upregulated macrophage effector responses.
Additional studies are required to determine if comparable
changes in the kinin system can modulate innate and/or adap-
tive immunity in thc more complex sctting of Leishmania
infection transmitted by sand-flies, the natural vector.
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