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RESUMO

ADESAO DE FAGOCITOS MONONUCLEARES AO TECIDO CONJUNTIVO NA
LEISHMANIOSE: PAPEL DE INTEGRINAS i1 E RECPETORES DE
QUIMIOCINAS. Nathanael de Freitas Pinheiro Junior. Parasitos do género
Leishmania podem causar lesdes na pele, mucosas ou visceras. Os
mecanismos que regulam o tropismo do parasito ndo estdo bem esclarecidos,
mas moléculas na superficie de fagocitos infectados podem ter um papel
importante. Nosso grupo demonstrou anteriormente que a infecgao por
Leishmania reduz a adesdo de fagocitos mononucleares ao tecido conjuntivo
inflamado. Uma vez que a perda de adesao ao tecido conjuntivo é o primeiro
passo para a migracao celular, este fendmeno pode estar relacionado com a
habilidade destas células em deixar o tecido inflamado em direcdo ao
linfonodo drenante. Nesta dissertacdo, noés examinamos o papel de
moléculas de adesdo e de receptores de quimiocinas na perda de adesao de
fagocitos mononucleares ao tecido conjuntivo inflamado. Para isso nés
empregamos analises de citometria de fluxo de moléculas de adesdo em
fagocitos infectados com Leishmania marcada com fluorocromo. Além disso,
realizamos ensaios de adesdo celular e analise de expressdo de RNAm para
receptores de quimiocinas através de RT-PCR em tempo real. Noés
observamos que a porcentagem de células infectadas (r=-0,826; P=0,003) € o
numero de parasitos por célula infectada (r=-0,917; P=0,028) se
correlacionaram negativamente com a adesdo ao tecido conjuntivo. A
reducdo na adesdo celular induzida pela infeccao por Leishmania (58,7 a
75,0%; P=0,005) ocorreu tao cedo quanto duas horas apés a infecgio e foi
mantida por pelo menos 24 horas. A infec¢do com apenas 0,6 parasito por
célula reduziu a adesdao em 27,9 a 44,6% (P<0,001). O bloqueio na adesao
celular foi mantido pela infec¢cdo por Leishmania, mas pela fagocitose de
parasitos mortos (adeséo celular variou de 15,2% abaixo a 24.0% acima do
controle; P>0,05). A infeccdo por Leishmania também reduziu a adesio
celular a fibronectina (54,1 a 96,2%, P<0,01), colageno (15,7 a 83,7%,
P<0,05) ou laminina (59,1 a 82,2%, P<0,05). Nao houve modulagdo da
expressao de VLA4, VLAS, LFA-1, Mac-1, L-Selectina, ICAM-2 OU VCAM-1
na superficie de células infectadas. Entretanto, a populagdo CD11bhi
apresentava alta taxa de infeccao (49,6 a 97,3%). A substituicdo de Ca*? e
Mg*2 por Mn*2 reverteu a inibigao causada pela Leishmania (P<0,05) e este
fenémeno foi bloqueado por anticorpos anti-VLA4 (P<0,0001). A expressao
dos receptores de quimiocinas CCR4 e CCRS estava diminuida 16 horas
apoés a infecgao (2,8 a 4,1 vezes e 1,9 a 2,8 vezes, respectivamente). Estes
dados sugerem fortemente que mecanismos que regulam a funcdo de
integrinas estdo implicados na reducdo de adesédo celular na leishmaniose.
Este efeito pode ser devido a reducdo dos receptores de quimiocinas
observada aqui ou pode ainda ser parte de um efeito inibitério mais geral da
infec¢ao dos fagécitos por Leishmania.

Palavras-chave: Fagocitos; Macréfagos; Moléculas de adesdo; Leishmania



ABSTRACT

MONONUCLEAR PHAGOCYTE-CONNECTIVE TISSUE ADHESION IN
LEISHMANIASIS: ROLE OF B:.INTEGRIN AND CHEMOKINE RECEPTORS.
Nathanael de Freitas Pinheiro Junior. Leishmania sp. are intracellular
parasites that may cause lesions in the skin, mucosa and viscera. The
mechanisms regulating the tropism of the parasite are not well understood,
but molecules on the surface of the parasite-infected phagocytes may play a
role. We have previously shown that Leishmania infection reduces
mononuclear phagocyte adhesion to inflamed connective tissue. As de-
adhesion is the first step to cell migration, this phenomenon may be related
to the ability of these cells to leave tissue and migrate to the draining lymph
node. In this work, we examined the role of adhesion molecules and
chemokines in the loss of adhesion of mononuclear phagocytes to the
inflamed connective tissue. To do so, we employed flow cytometry analysis of
adhesion molecules in fluorescently-stained Leishmania-infected phagocytes,
together with cell adhesion assays and real-time RT-PCR for chemokine
receptors known to be present on mononuclear phagocytes. We found that
infection rate (r=-0.826, P=0.003) and parasite burden (r=-0.917, P=0.028)
negatively correlated to mouse phagocyte adhesion. The decrease in
phagocyte adhesion to connective tissue, induced by Leishmania (58.7 to
75.0% inhibition, P=0.005), occurred as early as 2h after infection and was
maintained in a plateau for at least 24h. The infection with 0.6 Leishmania
per cell reduced phagocyte adhesion in 27.9 to 44.6% (P<0.001). Impairment
in cell adhesion was sustained by phagocyte infection but not after
phagocytosis of killed parasites (cell adhesion varied from 15.2% below to
24.0% above the control levels, P>0.05). Leishmania infection also
diminished cell adhesion to fibronectin (54.1 to 96.2%, P<0.01), collagen
(15.7 to 83.7%, P<0.05) and laminin (59.1 to 82.2%, P<0.05). There was no
modulation of VLA4, VLAS, LFA-1, Mac-1, L-selectin, ICAM-2 or VCAM-1
surface expression on the infected cells. However, the CD11bhi sub-
population was highly infected (49.6 to 97.3%). Replacement of Ca*2 and
Mg*2 by Mn*2 reverted the inhibition caused by Leishmania (P>0.05) and this
reversion was blocked by anti-VLA4 antibodies (P<0.0001). Expression of
CCR4 and CCR5S mRNA was downregulated 16h after infection (2.8 to 4.1
times and 1.9 to 2.8 times, respectively). These data suggest that
mechanisms regulating integrin function are implicated in the change of
macrophage adhesion in leishmaniasis. This may be due to the
downregulation of chemokine receptors observed or may be part of a major
inhibitory effect of Leishmania infection on the phagocytes.

Keywords: Phagocytes; Macrophages; Adhesion molecules; Leishmania



SUMARIO

RESUMO - -~ - oo oo oo oo o e e e e 5
ABSTRACT --- - o oo m oo oo e 6
LISTA DE FIGURAS ----- oo oo oo 8
LISTA DE ABREVIATURAS E SIGLAS -----—-----mmmmoomc oo 9
1 INTRODUGAQ -~ - e e 10
1.1 A LEISHMANIOSE - oo oo oo oo 10
1.1.1 Quadro clinico, epidemiologia e tratamento----------—--——-- 10
1.1.2 Determinantes das formas clinicas------------------——---ccu- 11
1.2 MIGRAGCAO LEUCOCITARIA ----==-=mmmmmmmmm o m oo 15
1.2.1 Circulacédo linfocitaria-----------------——-- oo 15
1.2.2 Migracgao de células mieléides--------------—-———-- oo 16
1.2.3 Migracido através da barreira do endotélio venular --------- 19
1.2.4 Regulagio de integrinas ------------—-——-—-—-ooooomeme 21
1.2.5 Migracao do tecido inflamado ao linfonodo ---------------—--- 23
1.2.6 Determinantes da diferenciacdo de monécitos-------------- 25
1.3 INTEGRINAS NA APRESENTACAO ANTIGENICA ----------=-u-- 26
2 JUSTIFICATIVA - m oo oo oo e e 27
3 OBUETIVOS - oo e e 29
3.1  GERAL - e 29
3.2 ESPECIFICOS ---mmmmmmmm oo e oo 29
4 ARTIGO o m o m e oo 30
4.1 MANUSCRITO SUBMETIDO PARA PUBLICAGCAO -------------- 31
5 DISCUSSAQ ---vmmmmmm o m oo oo 66
CONCLUSOES / SUMARIO DE RESULTADOS ----—-—--------- 71

6
7  PERSPECTIVAS --———-o-roemmmmmm e oo 72
8 REFERENCIAS oo 73



Figura 1.
Figura 2.

Figura 3.

Figura 4.
Figura 5.

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

LISTA DE FIGURAS

Origem e destino de monécitos do sangue periférico ---------- 18
Moléculas envolvidas nos diferentes estagios da migracao
celular do sangue para o tecido -----------——-commemmme 20
Mecanismos de regulacdo da adesdao mediada por

integrinas —----------- oo 21
Vias intracelulares de regulacao da funcao de integrinas ----- 22
Migracdo de células dendriticas do tecido ao vaso

linfatico -----------------m s 24
Correlation between adhesion of peritoneal exudate cells

to inflamed connective tissue and the intensity of

infection, as measured by the percentage of infected

phagocytes (A) and the number of parasites per infected

Effect of infection time on the adhesion of mouse
mononuclear phagocytes to the connective tissue---------—---- 60
Effect of the infection with different Leishmania-to-

phagocyte ratios in cell adhesion to connective tissue,

two (A) or 24 hours (B) after infection -------—-------o e 61
Effect of Leishmania infection in the adhesion of mouse
mononuclear phagocytes to purified extra-cellular matrix
COMPON NS — - e e 61
Cell surface expression of adhesion molecules on mouse
peritoneal exudate cells, two (A) or 24 hours (B) after

infection with Leishmania. ------------~-----——c-mmmoomee 62
Cell surface expression of adhesion molecules and

infection rate in sub-populations of mouse peritoneal

exudate cells 24 hours after culture --------------mmmcoeee 62
Effect of manganese ions on the Leishmania-infected
phagocyte adhesion to fibronectin -----------—--- oo 63
Chemokine receptor mRNA expression by PEC, two (A) or

sixteen hours (B) after incubation with L. amazonensis ------- 64



AMP
CCLs
CCRs
CDh

CX3CLs

DNA
DTH
EPAC

GTP
ICAM

IL
JAMs

LCD
LCL
LCM
LFA-1

LV
MDR
MHC

PECAM
PI3K
PKC
Rap-1

RAPL

RHOA

RT-PCR
TCR
TGF-B
TNF-a
VCAM

VLAs

LISTA DE ABREVIATURAS E SIGLAS

Células apresentadoras de antigeno (do inglés antigen presenting cells)
Adenosina monofosfato

Quimiocinas do tipo beta

Receptores de quimiocinas do tipo beta

Nomenclatura sistematizada de moléculas (do inglés cluster
differentiation)

Quimiocina contendo 3 aminoacidos entre dois residuos-chave de
cisteina

Acido desoxirribonucléico (do inglés deoxyribonucleic acid)
Hipersensibilidade tardia (do inglés delayed type hypersensitivity)
Proteina de troca diretamente ativada por AMP ciclico (do inglés
exchange protein directly activated by cyclic AMP)

Guanosina trifosfato

Moléculas da superfamilia das imunoglobulinas (do inglés intercellular
adhesion molecules)
Interleucina

Moléculas presentas nas junc¢des endoteliais (do inglés junctional
adhesion molecules)

Leishmaniose cutanea difusa

Leishmaniose cutanea localizada

Leishmaniose cuténeo-mucosa

Antigeno associado a fung¢ao de leucécitos (do inglés leukocyte function
associated antigen)

Leishmaniose visceral

Transportador de membrana (do inglés multi-drug resistance)
Complexo maior de histocompatibilidade (do inglés major
histocompatibility complex)

Platelet endothelial cell adhesion molecule

Fosfatidil-inositol-3-OH cinase

Proteina cinase C

Pequena GTPase (do inglés regulator for cell adhesion and polarization
type-1)

GTPase ligadora de Rap-1

Receptor de fatores de crescimento (do inglés rat sarcoma)

Membro “A” da familia de genes homélogos a RAS (do inglés RAS
homologue gene family, member A)

Reverse-transcription-Polymerase chain reaction

Receptor de células T (do inglés T-cell receptor)

Fator de crescimento tumoral tipo beta (do inglés tumor growth factor)
Fator de necrose tumoral alfa (do inglés tumor necrosis factor)

Moléculas da superfamilia das imunoglobulinas (do inglés vascular cell
adhesion molecule)
Integrinas leucocitarias (do inglés very late activation antigen)



10

1 INTRODUCAO
1.1 A LEISHMANIOSE
1.1.1 Quadro clinico, epidemiologia e tratamento

A leishmaniose € um complexo de doengas causadas por protozoarios
flagelados do género Leishmania. Estima-se que existam cerca de vinte
espécies diferentes de Leishmania patogénicas para o homem e mais de
trinta espécies de flebotomineos vetores (GRIMALDI et al., 1989). O ciclo da
doenca ¢é iniciado quando fémeas de flebotomineos ingerem formas
amastigotas de Leishmania durante o repasto sanguineo em um hospedeiro
infectado. Estes parasitas diferenciam-se em formas promastigotas
metaciclicas no trato digestivo do vetor, e sdo regurgitadas
intradermicamente no local da picada durante novo repasto (BITTENCOURT
& BARRAL-NETTO, 1995).

Os parasitos entram em fagécitos do hospedeiro e se multiplicam no interior
de células permissivas. Em todas as formas da doenga, fagécitos
mononucleares sdo encontrados em linfonodos que drenam o sitio de
inoculacdo parasitaria e a génese das lesdes esta intimamente associada a
presenca de macréfagos, em maior ou menor quantidade, albergando formas

 amastigotas do parasito (BITTENCOURT & BARRAL-NETTO, 1995).

Pode ser dividida clinicamente em quatro grandes formas: a leishmaniose
cutdnea localizada (LCL), a Ileishmaniose cutaneo-mucosa (LCM),
leishmaniose cuténeab difusa (LCD) e a leishmaniose visceral (LV)
(BITTENCOURT & BARRAL-NETTO, 1995). A LCL apresenta-se mais
comumente como uma ulcera solitaria, de bordos elevados e fundo
granuloso e Umido em areas expostas (face e membros). Geralmente sao
autolimitadas e respondem bem ao tratamento. As lesdes ulcerosas nas
mucosas da boca, nariz e faringe da forma cutaneo-mucosa (LCM) causam

extensa lesdo tecidual, freqiientemente desfigurante. A LCD cursa com
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lesGes nodulares e usualmente ndo ulceradas. A LV acomete 6rgaos como
figado, bago e medula o6ssea, levando a um quadro febril com hepato-
esplenomegalia macica e anemia profunda, por vezes associada a leucopenia.
E uma patologia grave e usualmente fatal se ndo tratada. Outras formas
menos comuns de leishmaniose incluem a leishmaniose dérmica pés-
calazar, a leishmaniose viscerotrépica, a leishmaniose recidivante, e a
disseminada (BITTENCOURT & BARRAL-NETTO, 1995).

Estima-se que estas doengas acometam, anualmente, entre 1,5 e 2 milhdes
de pessoas em 88 paises (WHO, 2002). Destes, 72 sao paises em
desenvolvimento, incluindo os 13 mais pobres do mundo (WHO, 2002), o que
torna os custos dessa doenga especialmente problematicos. O Brasil é o
unico que integra as listas dos paises que concentram mais de 90% dos
casos de leishmaniose cutdnea e visceral, com cerca de 40 mil casos novos
de leishmaniose cutanea e pelo menos seis mil casos novos de LV

anualmente (mais de 80% no Nordeste) (WHO, 2002; DESJEUX, 2004).

Apesar do surgimento de resisténcia em algumas areas (JACKSON et al.,
1990; GROGL et al, 1992), atualmente a maior parte dos casos de
leishmaniose é tratado com Glucantime e terapia de suporte (HERWALDT,
1999; BERMAN, 2005). Drogas alternativas, tais como a anfotericina B e,
mais recentemente, a miltefosina (primeira alternativa para uso via oral)
(SUNDAR et al.,, 2002; SCHRANER et al., 2005) também tém sido utilizadas,
especialmente na faléncia do regime com antimonial (BERMAN, 2005). Estas
drogas sido toxicas, caras e exigem acompanhamento estrito dos pacientes, o
que aumenta consideravelmente os gastos com essa doenga (HERWALDT,
1999; DESJEUX, 2004; BERMAN, 2005).

1.1.2 Determinantes das formas clinicas
As diferentes formas de leishmaniose estédo intimamente associadas a grupos

de espécies de Leishmania (GRIMALDI et al., 1989; COLMENARES et al.,

2002). Apesar disso, espécies causadoras de formas tegumentares tém sido



12

isoladas de pacientes com acometimento visceral (BARRAL et al, 1991),
assim como espécies mais comumente causadoras de LV podem ser isoladas
de pacientes com acometimento tegumentar (NOYES et al., 1997; BELLI et
al., 1999; CAMPOS-PONCE et al.,, 2005). Os determinantes de padroes tédo
diferentes de doenga sdo apenas parcialmente conhecidos e parecem
envolver fatores do patégeno (GRADONI & GRAMICCIA, 1994; LEMOS DE
SOUZA et al, 2000) e do hospedeiro. Diferentes caracteristicas do
hospedeiro podem influenciar tanto a sua susceptibilidade quanto a forma
de apresentacgao clinica da leishmaniose. Dentre estes, o status imunolégico
(CEREF et al., 1987; GRADONI & GRAMICCIA, 1994), a idade (BITTENCOURT
& BARRAL-NETTO, 1995) e alelos de genes ligados ao sistema imune
(BARBIER et al., 1987; CABRERA et al., 1995) tém sido estudados .

Estudos da infec¢do experimental de camundongos com L. major (SADICK et
al., 1986) ou L. amazonensis (BARRAL-NETTO et al.,, 1987a) levaram a
muitos avangos na compreensdo da imunopatogénese da leishmaniose.
Nestes modelos, a infeccdo de diferentes linhagens isogénicas de
camundongos reproduz parcialmente algumas formas clinicas da
leishmaniose humana (BARRAL-NETTO et al., 1987b).

Camundongos da linhagem BALB/c desenvolvem uma lesdo progressiva que
evolui inexoravelmente com disseminacao do parasito para visceras e morte
do animal com anemia, hepato-esplenomegalia e linfopenia. A infecgdo com
Leishmania neste modelo mimetiza alguns aspectos da forma difusa da
leishmaniose humana (BARRAL-NETTO et al.,, 1987a; BARRAL-NETTO et al.,
1987b) e também da forma visceral. Como demonstrado também em
humanos (CASTES et al.,, 1983; CARVALHO et al.,, 1985a), estes animais
apresentam resposta imune celular especifica anti-Leishmania suprimida
(p6lo hipoérgico) (MULLER et al., 1989).

Quando animais da linhagem CS7BL/6 sdo infectados, desenvolvem uma
lesdao localizada que atinge seu apice em torno da terceira semana apdés a

infeccdo e resolve-se em torno da oitava semana (SADICK et al., 1986;
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BARRAL-NETTO et al., 1987a). A resolugao da lesdo leva a resisténcia contra
re-infecgoes por Leishmania (BARRAL-NETTO et al.,, 1987b). Estes animais
desenvolvem uma resposta celular especifica intensa com alta produgao de
IFN-y (SADICK et al, 1986). Estas lesbes mimetizam a LCL ou LCM
(BARRAL-NETTO et al., 1987a; BARRAL-NETTO et al., 1987b).

A definicdo de populag¢oes de células T CD4+ que secretam um conjunto
diferente de citocinas apés estimulo foi estabelecida em 1986 (MOSMANN et
al., 1986). Em 1989, Heinzel e colaboradores associaram o perfil de
susceptibilidade de camundongos BALB/c a L. major a uma resposta tipo
Th2, associada a altos niveis de IL-4 e IL-1 e baixos niveis de IFN-y,
enquanto camundongos C57BL/6  desenvolviam uma  resposta
predominantemente Thl, com aumento na expressao de IFN-y, IL-2 e baixa

expressao de IL-4, durante a infecgao (HEINZEL et al., 1989).

Em concordancia com estes achados, pacientes com LV ativa apresentavam
niveis de IFN-y e IL-2 muito baixos (CARVALHO et al., 1985a), enquanto na
fase de recuperacdo da doenca apresentam DTH+ contra antigenos do
parasito (REED et al.,, 1986). Nas formas de LCM e LCL, ha usualmente
resposta linfoproliferativa (especialmente na LCM) e abundante produgao de
IFN-y em resposta a estimulo antigénico (CARVALHO et al.,, 1985b). Além
disso, a DTH é negativa nos momentos iniciais da infec¢gao em casos de LCL,
tornando-se positiva dentro de dois a trés meses apds a infecgao
(BITTENCOURT & BARRAL—NETTO, 1995).

Além disso, achados histopatolégicos em lesdes precoces de LCL (FREITAS,
comunicacédo pessoal) ou lesbes mais tardias de LCL e LCM (VERESS & EL
HASSAN, 1986) sugerem que a vasculite secundaria ao fendmeno de
hipersensibilidade nao s6 esta presente, como pode ser responsavel pela

ulceraciao das lesdes tegumentares nestas formas.

O destino da infec¢do e o direcionamento da resposta imune adaptativa

pode, em grande parte, depender da maneira que a resposta imune inata do
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hospedeiro lida com o patégeno durante momentos precoces da interagao
parasito/hospedeiro (KAYE et al., 1994; SAHA et al, 1995; SHANKAR &
TITUS, 1997; MOLL, 2000). O tipo de célula que carreia e apresenta
antigenos podem ser determinantes da forma e intensidade da resposta
imune adaptativa (MOLL, 2000; MALDONADO-LOPEZ & MOSER, 2001).

Durante os primeiros momentos da infeccdo por Leishmania, células
fagociticas mononucleares sao infectadas (BARRAL-NETTO et al, 1987b;
MOLL et al., 1995; DE ALMEIDA et al., 2003b). Embora nao tenha sido
formalmente demonstrado, as formas amastigotas intracelulares devem ser
carreadas por fagécitos mononucleares e, portanto, dependem das moléculas
de adeséo e receptores de quimio-atraentes na superficie dessas células para
o seu enderecamento (GALVAO et al, 1993; BITTENCOURT & BARRAL-
NETTO, 1995). O destino e a identidade das células que albergam o
microorganismo no sitio de inoculagdo nao estdao completamente
estabelecidos (MOLL et al., 1993; RANDOLPH et al., 1999; MURAILLE et al.,
2003). Além disso, o tipo celular responsavel pela estimulacdo eficaz da
resposta imune do hospedeiro na leishmaniose também tem sido motivo de
controvérsia na literatura (MOLL et al.,, 1995; SAHA et al.,, 1995; SHANKAR
& TITUS, 1997; RITTER et al., 2004). |

A vacinacdo com células dendriticas pulsadas com antigeno de Leishmania
major, mas ndo com macréfagos, confere resisténcia em um modelo de
susceptibilidade a leishmaniose (VON STEBUT et al.,, 2000). Outros estudos
tém ainda mostrado que a apresentagao de antigeno por subtipos de células
dendriticas (CD11b* CD8a*) é suficiente para o controle da infecgcdo. A
resposta imune adaptativa pode ser ainda mais eficaz no controle parasitario
em animais onde somente estas células expressam MHC-II do que em seus
pares selvagens (LEMOS et al., 2004).
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1.2 MIGRACAO LEUCOCITARIA

A migragdo leucocitaria representa um papel crucial para o funcionamento
adequado do sistema imunolégico ao possibilitar que células T e células
apresentadoras de antigeno (APCs) encontrem-se, além de permitir que os
diversos tecidos sejam constantemente “vigiados” por essas células (PAUL,
1999).

1.2.1 Circulacao linfocitaria

Neste processo, linfécitos T virgens entram em linfonodos através das
vénulas de endotélio alto. No linfonodo, estes linfocitos entrardo em contato
com diversas APCs carreando multiplas combina¢des MHC:peptideo. Caso
nao ocorra reconhecimento especifico entre o receptor de células-T (TCR) e o
complexo MHC:peptideo correspondente, esta célula saird do linfonodo
através do linfatico eferente, chegando a corrente sanguinea pelo ducto
toracico e continuara a circular entre os compartimentos linfatico e

sanguineo.

Em um cenario diferente, este linfécito reconhece na superficie de uma
célula apresentadora de antigeno, um complexo MHC:peptideo com afinidade
pelo seu TCR e sofre mudangas no perfil de expressdao de moléculas de
adesdo e receptores de quimiocinas. Essas mudancas alteram o padrao de
migragdo desta célula, que agora ganha capacidade de migrar com maior
eficiéncia para tecidos periféricos nao linféides (CAHILL et al., 1977; JUNG et
al., 1988).

Além disso, sitios onde processos inflamatérios estdo em andamento sio
sinalizados através do aumento da expressdo de moléculas da superfamilia
das imunoglobulinas na superficie endotelial do leito vascular e quimio-
atraentes (recrutamento celular). Estas altera¢gbes aumentam a migragao

linfocitaria para estes locais através da parede vascular por um processo
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chamado de diapedese, também dependente de moléculas de adesdo (JUNG
et al.,, 1988; PAUL, 1999).

1.2.2 Migracdo de células mieldides

Apesar do processo de migracéo linfocitaria ser bem conhecido, muito pouco
se conhece sobre o padrao de migracédo de células mieldides. Se o encontro
entre os linfécitos e as APCs (em sua maioria de origem mielbide) ocorre nos
orgaos linféides secundarios, é necessario que estas células também tenham
capacidade de migrar para estes tecidos, especialmente apos a aquisicdo de
antigenos na periferia. O primeiro tipo celular identificado capaz de realizar
essa tarefa eficientemente é a célula de Langerhans, o protétipo de célula
dendritica presente na epiderme (MACATONIA et al.,, 1987). Mais tarde,
c€lulas dendriticas residentes foram identificadas e caracterizadas na derme
e em outros tecidos (ANJUERE et al.,, 1999). Até o presente momento, a
ontogenia dessas células ndo estd completamente esclarecida e ha
controvérsias acerca da existéncia de um precursor comum entre monécitos
circulantes, células dendriticas e macrofagos residentes e inflamatoérios
(D'AMICO et al, 1998; RANDOLPH et al., 1999; TRAVER et al, 2000;
MAKALA et al., 2002; IMHOF & AURRAND-LIONS, 2004).

Durante muito tempo acreditou-se que as células de Langerhans eram as
responsaveis pelo transporte e apresentacdo de antigenos periféricos a
linfécitos T, enquanto monécitos provenientes da medula o&ssea, que
infiltram tecidos durante o processo inflamatoério, terminavam a sua jornada
em tecidos periféricos (COTRAN et al., 1999). Por outro lado, a quantidade de
células apoptéticas observada nos tecidos infiltrados nédo parecia
corresponder ao numero de células que invadiam os tecidos e, ao final do
processo inflamatério, o niimero de células monociticas teciduais residentes
ndo aumenta (MULLER & RANDOLPH, 1999). Diversos estudos sugeriam
que estas células migram para o linfonodo drenante durante a fase de
resolucéo da inflamagao (HARMSEN et al., 1985; ROSEN & GORDON, 1990;
BELLINGAN et al., 1996)
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Todas essas questdées culminaram com estudos que demonstraram que as
populag¢des monociticas mieldides sdo heterogéneas tanto em respeito a sua
origem quanto a seu destino final (CAVANAGH & VON ANDRIAN, 2002;
SUNDERKOTTER et al., 2004).

A maior parte das células miel6ides circulantes é constituida por neutroéfilos
maduros, que comegam a migrar para sitios inflamatérios dentro de minutos
a horas. Estas células nao sido capazes de migrar além do tecido inflamado e
encontram o seu fim durante o exercicio de suas fun¢des primordiais como
protagonistas da imunidade inata, ainda no local de inflamag¢do. Por outro
lado, monocitos circulantes iniciam a migracdo para sitios de inflamacgio
horas apés o inicio do processo inflamatério e continuam a infiltrar estes
tecidos por um periodo mais longo, sendo o tipo celular predominante apés

quarenta e oito horas do inicio do processo (COTRAN et al., 1999).

O que ocorre com essas células apés a diapedese tem sido motivo de diversos
estudos recentes (RANDOLPH et al, 1999; BARRATT-BOYES et al.,, 2000;
PAILLOT et al.,, 2001). Existem, pelo menos, dois subtipos de monécitos
circulantes: os chamados mondcitos inflamatérios (CD14+* CCR2Hi CCRS5e) e
os monocitos CD16* CCRSHI (WEBER et al., 2000; IMHOF & AURRAND-
LIONS, 2004). Os monoécitos inflamatoérios sdo recrutados para os tecidos
durante um processo de agressdo de uma maneira dependente de CCL2
(GERSZTEN et al., 1999), enquanto os monoécitos CD16* parecem constituir
a subpopulacdo celular que mantém o pool de monécitos residentes nos
tecidos nao linfoides periféricos e migram para estes sob influéncia de

CX3CL1 e CCL3 (ANCUTA et al., 2003; ANCUTA et al., 2004).

O paradigma da migracdo unidirecional de células mieldides (da medula
6ssea para o sangue e deste para o tecido periférico) foi formalmente
quebrado pela observagdo de que células originadas de monécitos
circulantes (que diferiam das células de Langerhans) podem ser encontradas

em linfonodos que drenam sitios inflamatérios (RANDOLPH et al, 1999).
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Essas e outras observagoes (a maioria delas in vitro) (D'AMICO et al., 1998;
RANDOLPH et al.,, 1998a; BARRATT-BOYES et al.,, 2000; MAKALA et al,
2001a; MAKALA et al.,, 2001b; PAILLOT et al, 2001; CAVANAGH & VON
ANDRIAN, 2002; MAKALA et al., 2002; KOYA et al., 2003) levaram a um novo
modelo em que mondcitos inflamatérios circulantes sdo atraidos para um
tecido inflamado e podem seguir por duas vias: diferenciar-se em macréfago

ou em célula dendritica (figura 1).

Linfatico

Apoptose (g™
h Linfonodo

Vénula

% Célula Dendritica %M Colégeno J
y
; Y~ Proteoglicanos

@ Macréfago %Q% Fibronectina ()

Figura 1. Origem e destino de monécitos do sangue periférico. Provenientes de
precursores mieléides na medula éssea, os monécitos circulam por um a dois dias antes de
migrarem para um tecido periférico através da parede de vénulas. No intersticio, estas
células encontram componentes da matriz conjuntiva (especialmente proteoglicanos,
colagenos e fibronectina), para os quais apresentam receptores em sua superficie. Neste
momento os monécitos podem diferenciar-se em macréfagos ou células dendriticas. Os
macrofagos podem tornar-se células residentes (destino predominante no estado de
equilibrio) ou morrer por apoptose (especialmente em situacdes inflamatérias). As células
dendriticas adquirem antigeno através de fagocitose ou macropinocitose e migram para os
linfonodos através dos vasos linfaticos que drenam a regido.
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As células dendriticas adquirem capacidade migratoéria e chegam ao seio
sub-capsular do linfonodo drenante através dos vasos linfaticos aferentes
(figura 1) (CAVANAGH & VON ANDRIAN, 2002; IMHOF & AURRAND-LIONS,
2004). Desta maneira, este tipo celular representa a principal ponte entre a
imunidade inata e a adaptativa (MOLL, 2003). Em alguns modelos, esta
ultima via pode representar até 50% dos mondcitos que extravasam para o
tecido durante o processo inflamatério (BELLINGAN et al., 1996; BELLINGAN
et al., 2002).

1.2.3 Migracéao através da barreira do endotélio venular

A migragao para os tecidos requer a transposicdo da barreira endotelial. O
fendomeno de passagem de leucécitos através desta barreira é finamente
regulado e mediado por moléculas na superficie celular como selectinas,
integrinas, moléculas da superfamilia das imunoglobulinas, receptores de
quimiocinas e de outros fatores quimio-atraentes (CARLOS & HARLAN,
1994; BAGGIOLINI, 1998).

Monécitos  inflamatérios  expressam  L-selectina  (CD62L), LFA-1
(CD11a/CD18), Mac-1 (CD11b/CD18) e VLA4 (CD49d/CD29), além de
PECAM-1 (CD31) e moléculas glicosiladas contendo derivados do acido
sialico (CARLOS & HARLAN, 1994; IMHOF & AURRAND-LIONS, 2004). No
processo de migracdo podem ser destacados, para fins didaticos, trés
estagios: (1) a rolagem leucocitaria; (2) a adesao forte e (3) a diapedese (figura
2) (COTRAN et al., 1999).

O processo de rolagem é mediado principalmente pela interagdo entre
selectinas e moléculas altamente glicosiladas semelhantes ao acido sialico
que estao tanto na superficie endotelial quanto leucocitaria. Essas moléculas
sao grandes e estendem-se para o luz do vaso, facilitando o contato com a
célula transeunte (CARLOS & HARLAN, 1994; HOGG et al, 2003). Neste
momento, o leucécito entra em contato com quimiotaticos presos a superficie

endotelial por moléculas da familia das sindecanas, que imobilizam as
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quimiocinas e mantém disponivel o sitio de ligacdo destas ao seu receptor

(TANAKA et al., 1993).

Receptor de quimiocina ‘? Integrina em baixa afinidade

T Selectina “ Integrina ativada
[F Superfamilia das Imunoglobulinas % Carboidrato ligador de selectinas

Quimiocina ligada a Sindecana (O PECAM-1

Figura 2. Moléculas envolvidas nos diferentes estigios da migracio celular do sangue
para o tecido. O mondcito circulante reconhece na parede endotelial moléculas da familia
das selectinas (especialmente P- e E-Selectina). O contato de glicoconjugados complexos na
membrana leucocitaria com as longas selectinas endoteliais acarreta uma diminuicao da
velocidade do leucocito e sua aproximacao ao endotélio (estagio 1; rolagem). Neste momento
quimiocinas presas a glicoproteinas da familia das sindecanas interagem com receptores na
superficie do leucécito e desencadeiam a ativacao de integrinas. Estas ultimas respondem
pela adesao forte entre o monécito e a célula endotelial (estagio 2), além de estar implicada
na sinalizacdo para formacao do complexo de polaridade. A célula agora esta pronta para
mergulhar nas jungoes entre células endoteliais {estagio 3; diapedese), ricas em PECAM-1
(CD31), CD99 e moléculas da familia das JAMs. Essas moléculas tém diferentes papéis na
mieracao através do endotélio e da membrana basal dos vasos.

A interagdo entre quimiotatico e seu receptor na superficie leucocitaria
desencadeia cascatas intracelulares que incluem vias dependentes de
pequenas GTPases da familia de Rapl e vias de fosfatidil-inositol-3-OH
cinase (PI3K). Essas vias culminardo com modificacbes da funcido das
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integrinas ja presentes na membrana (HOGG et al., 2002; LAUDANNA et al.,
2002). Por sua vez, as integrinas sdo moléculas que se estendem pouco além
da membrana celular e, portanto precisam de maior proximidade entre as

células para engajar seus contra-receptores (CARLOS & HARLAN, 1994).

1.2.4 Regulacdo de integrinas

O aumento na capacidade de adesao celular dependente de integrinas pode
ser resultado do aumento do nuimero de moléculas na superficie ou de
modificacées da sua estrutura e localizagao (figura 3) (HOGG et al, 2002;
TAKAGI & SPRINGER, 2002).

Figura 3. Mecanismos de regulacdo da adesdo mediada por integrinas. O aumento da
adesdo mediada por integrinas pode ser consequéncia direta do aumento do numero de
moléculas na superficie celular, resultado do aumento da sua afinidade pelo ligante (através
de modificacao da sua conformacéo tridimensional) ou do recrutamento de integrinas para
focos de acimulo molecular homénimo. Estas moléculas sofrem alteracdes conformacionais
induzidas pela ligacdo a diferentes cations divalentes: A maior parte das integrinas
encontra-se em estado de baixa afinidade quando ligadas ao Ca*2 em comparacao aquelas
ligadas a Mg*2 ou a Mn*2.

Em diversos sistemas, estimulos que aumentam a adesao de células o fazem
através da mudanca da funcdo de moléculas ja presentes na superficie
celular sem um aumento apreciavel na expressido dessas moléculas
(KAKAZU et al., 1995; CARR et al., 1996; LLOYD et al.,, 1996; WEBER et al.,
1996a). O prototipo deste tipo de estimulo é a sinalizacdo através de
receptores de quimiocinas (figura 4; inside-out signaling) (LAUDANNA et al.,
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2002). A ligagao com outros fatores quimiotaticos (WEBER et al.,, 1996b),
citocinas (BAUVOIS et al., 1996), moléculas co-estimulatérias (SHIMIZU et
al., 1992) e a ligacao do TCR ao complexo MHC:peptideo correspondente
(CHAN et al., 1991) sao outros eventos capazes de desencadear cascatas
intra-celulares que culminam com aumento na afinidade das integrinas na
superficie celular. Além disso, a ligacdo de integrinas a seus contra-
receptores (CAMPANERO et al., 1994; MAY et al., 2000) e a diferentes cations
(DRANSFIELD & HOGG, 1989) pode desencadear alteragbes na afinidade e
na mobilidade lateral de integrinas através de modificagdo direta da
estrutura molecular (outside-in signaling) (TAKAGI & SPRINGER, 2002;
WEBER, 2003).

Integrina em
alta afinidade

trimérica com ligante acoplado
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Figura 4. Vias intracelulares de regulacdo da funcio de integrinas. Apos a ligagdo a uma
quimiocina, as proteinas G associadas aos receptores de quimiocinas desencadeiam
diversas vias de sinalizacdo intracelulares. A ativagdo de adenilato ciclases leva a ativacgao
de EPAC. Esta por sua vez ativa Rapl que agora se liga a RAPL e se acopla a porgao
intracelular da cadeia alfa. A talina também sofre ativagdo e se liga a cauda intracelular da
cadeia beta. Por ultimo ocorre a ativagao de RHOA que se associa a talina e ao complexo
Rapl/RAPL e completa o cenario para a mudan¢a da conformagdo dobrada de baixa
afinidade da integrina para uma conformagao esticada de alta afinidade. Paralelamente
ocorre a ativacdo de cinases de fosfatidil-inositol-3-OH. Essas cinases ativam cisteino-
proteina cinases atipicas (zeta) que sédo responséveis pelo aumento na mobilidade lateral
dessas moléculas e sua reunido em micro ou macro-aglomerados na membrana.

Tem sido demonstrado que a sinalizagdo para regulacao da afinidade de
LFA-1 na superficie celular por quimiocinas é dependente da pequena
GTPase Rapl (KATAGIRI et al., 2000; SHIMONAKA et al, 2003), em
associacdo com RAPL e talina (KATAGIRI et al, 2003). Além disso, a
sinalizagdo por receptores de quimiocinas desencadeia também uma cascata
intracelular dependente de PI3K que responde por aumento na mobilidade
lateral, agregacao de moléculas em pontos especializados da membrana e
pela formacgédo do complexo de polaridade, crucial para orientagéao celular no
sentido de realizar a diapedese (figura 4) (IMHOF & AURRAND-LIONS, 2004;
SANCHEZ-MARTIN et al., 2004).

1.2.5 Migracdo do tecido inflamado ao linfonodo

O processo de migracéo celular do tecido inflamado para o linfonodo requer
a passagem do leucédcito através da parede dos linfaticos no sentido baso-
luminal (figura 5) (RANDOLPH & FURIE, 1996; RANDOLPH, 2001). As
moléculas envolvidas neste movimento nao sao as mesmas envolvidas na
migracdo do sangue para o tecido (RANDOLPH & FURIE, 1996; MULLER &
RANDOLPH, 1999). Tem sido demonstrado que o fator tecidual (RANDOLPH
et al., 1998c¢) e a glicoproteina-p (RANDOLPH et al., 1998b) participam deste

processo.

Apesar de nao dependerem de integrinas para atravessar o endotélio
linfatico, é possivel que seja necessaria uma perda de adesdo a componentes

da matriz celular mediada por integrinas para que ocorra a migragido de um
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sitio inflamatoério para o linfonodo drenante (IMHOF & AURRAND-LIONS,
2004; RANDOLPH et al., 2005).

Entretanto, em um modelo de induc¢ao de exsudacgao peritoneal induzida por
tioglicolato, a migracéao de células para o linfonodo é dependente da adeséo
destas ao epitélio peritoneal através de integrinas contendo cadeias beta-1
(CD29) (BELLINGAN et al., 1996; BELLINGAN et al, 2002). Em um outro
sistema, onde folhetos epidérmicos sao colocados em cultura, demonstrou-se
que integrinas contendo cadeias ae sao essenciais para que cé€lulas de
Langerhans atravessem a membrana basal da epiderme e migrem através
dos linfaticos (PRICE et al., 1997).

A\ Receptor de Fator Tecidual
A

® Fator Tecidual
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Figura 5. Migracdo de células dendriticas do tecido ao vaso linfatico. Apds a
diferenciacdo a partir de monécitos, células dendriticas sofrem modificagées que incluem:
(1) expressdao de receptor de fator tecidual (FT; expreso na superficie basal do endotélio
linfatico); (2) expressao de glicoproteina-p (MDR-1); (3) moderada capacidade fagocitica e (4)
expressio de CCR7. A producdo de CCL19 e CCL21 (ligantes de CCR7) pelo endotélio
linfatico atrai as células dendriticas para a sua proximidade. Estas alteragoes sao cruciais
para permitir a migracdo deste tipo celular do tecido para o linfonodo drenante através dos
vasos linfaticos. Nestes vasos estas células sdo encontradas como “células veladas” (do
inglés veiled cells).

Além disso, a expressao de receptores de quimiocinas associados a células
linféides como o CCR7 por precursores de células dendriticas (SOZZANI et
al., 1998; SAEKI et al., 1999), bem como a expressdo de seu ligante CCL21
(PRICE et al., 1997) e CCL19 por células dos vasos linfaticos, também
desempenham papel fundamental (SALLUSTO & LANZAVECCHIA, 2000).
Outros receptores como o CCR8 também tém sido implicados na migracgao
de células dendriticas derivadas de monécitos do sitio inflamatério para o
linfonodo drenante (QU et al., 2004), mas os mecanismos desse fendmeno a

sua importancia biolégica nao estdo definidos.

1.2.6 Determinantes da diferenciacio de mondcitos

Apesar dos avangos, diversas questoes permanecem abertas. Os fatores que
influenciam a diferenciacdo de monoécitos em macréfagos ou em células
dendriticas sdo pouco conhecidos. De fato, ndo esta claro se os mondcitos
circulantes ja estio comprometidos com a linhagem dendritica ou
macrofagica antes mesmo de extravasar para o tecido (INABA et al, 1992;
RANDOLPH et al,, 2002) ou se essa decisao ocorre mais tarde (TRAVER et

al., 2000; LEON et al., 2004), de maneira estocastica ou direcionada.

Randolph e colaboradores (1998) demonstraram que mondécitos podem
diferenciar-se em células dendriticas em um modelo de transmigragao
reversa in vitro (passagem do leucécito através de uma monocamada
endotelial no sentido baso-luminal). Nesse modelo, o contato com estimulos
inflamatérios sub-endoteliais ndo muda a freqiiéncia da diferenciacdo de

monocitos em macréfagos ou células dendriticas. Neste mesmo modelo,
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entretanto, o estagio de maturacao das CDs em contato com
lipopolissacarideo bacteriano (LPS) ou IL-1 é compativel com células
plenamente maduras (CD14- CD86Hi MHC-IIHi CD83%), enquanto as que
entram em contato apenas com o endotélio e a matriz extra-celular sub-
endotelial apresentam caracteristicas de CDs imaturas (CD14le CD86le
MHC-IIl> CD83%).

Outros grupos, entretanto, demonstraram que LPS (ROTTA et al.,, 2003) e
lipofosfoglicanos (PONTE-SUCRE et al., 2001) da parede de Leishmania major
(LPG) bloqueiam a diferenciagao de monécitos em células dendriticas na
presenca de antigenos particulados, mas nao na presenca de antigenos
soltiveis. Esses achados sugerem que estas células podem ser cruciais para
a determinacdo da iniciacdo de uma resposta adquirida ou contenc¢do do
agente invasor pela resposta imune inata sem despertar a imunidade
adaptativa (IMHOF & AURRAND-LIONS, 2004).

1.3 INTEGRINAS NA APRESENTAGAO ANTIGENICA

Além de suas fungdes nos processos de adesdo e migragao celular, integrinas
(especialmente LFA-1) ha muito vém sendo implicadas na apresentacdo de
antigeno para linfocitos T (GRAKOUI et al., 1999; KATAGIRI et al., 2002;
HOGG et al., 2003). A injegdo concomitante de anticorpo anti-LFA-1 ou anti-
ICAM-1 (CD54; ligante de LFA-1) e um antigeno leva a um estado ativo de
nao responsividade ao antigeno co-injetado (DAVIGNON et al., 1981). Mais
recentemente, tem sido demonstrado que LFA-1 participa da formacgao e
manutencao dos pontos de contato entre linfécitos T e APCs (sinapses
imunolégicas) (MONKS et al., 1998).

Desta maneira, alteragdoes na funcao de integrinas poderiam influenciar nao
s6 a capacidade migratdria e o enderecamento de células monociticas, mas
também interferir com a capacidade apresentadora de antigeno destas

células.
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2 JUSTIFICATIVA

Em algumas formas de leishmaniose, é comum a disseminag¢do do parasito
para sitios distantes do local de inoculagdo (BITTENCOURT & BARRAL-
NETTO, 1995). Os determinantes das formas clinicas sdo pouco conhecidos
e podem incluir fatores genéticos do hospedeiro (BARBIER et al., 1987; CERF
et al., 1987; GRADONI & GRAMICCIA, 1994; CABRERA et al, 1995) e do
parasito (LEMOS DE SOUZA et al., 2000).

Em estudo anterior, nosso grupo desenvolveu um ensaio in vitro que permite
o estudo de funcdo de integrinas na superficie de células fagociticas
mononucleares. Neste modelo, a adesio ao tecido conjuntivo inflamado
ocorre principalmente através de integrinas, uma vez que € dependente de
cations divalentes e é inibida pela adicdo de anticorpos anti-cadeia a4
(CD49d) e B2 (CD18) de integrinas, assim como por misturas de peptideos
que ligam-se a integrinas e impedem a ligagdo destas com componentes da
matriz extra-celular (CARVALHAL et al., 2004).

Usando este tipo de ensaio, demonstramos que a infecgdo por parasitos do
género Leishmania torna estes fagocitos menos capazes de aderir ao tecido
conjuntivo inflamado. Essa redugdo nao foi observada apds fagocitose de
particulas de latex com o tamanho aproximado de uma amastigota de
Leishmania (3 pm) ou de Mycobacterium fortuitum (CARVALHAL et al., 2004).

Os principais tipos celulares infectados pelo agente etiolégico da
leishmaniose sédo fagocitos mononucleares (BITTENCOURT & BARRAL-
NETTO, 1995). Estas células tém um papel decisivo no desenvolvimento
desta patologia ao ser tanto o alvo da infeccdo (BITTENCOURT & BARRAL-
NETTO, 1995) como o tipo celular responsavel pela ativagdo da resposta
imunolégica (MALDONADO-LOPEZ & MOSER, 2001).

Assim, o conhecimento das alteragdes relacionadas ao potencial migratério e

de apresentacao antigénica de células monociticas no contexto de infecgao
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por Leishmania é de importancia fundamental para o entendimento desta
desordem (TAPIA et al., 1994) e mesmo de outras desordens também
caracterizadas pelo acumulo de macrofagos (PANAYI, 1993; YOON et al,
1998; DANDONA & ALJADA, 2002; RENIER et al.,, 2003; HENDRIKS et al.,
2005).
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3 OBJETIVOS

3.1 GERAL

Identificar os mecanismos moleculares envolvidos na disseminacido de

macrofagos infectados por Leishmania em diferentes tecidos.

3.2 ESPECIFICOS:

1. Estudar a cinética da reducao de adesao dos fagécitos mononucleares
infectadas com Leishmania amazonensis;

2. Avaliar a influéncia da intensidade da infecg¢do na adesao celular;

3. Examinar o efeito da fagocitose de parasitos mortos e seus produtos
na adeséao celular;

4. Examinar o perfil de expressao de moléculas de adesdo por fagoécitos
mononucleares infectados in vitro com Leishmania ou nao infectados;

5. Examinar a modificagdo no estado de afinidade de integrinas e o papel
de VLA4 na perda de adesao apds infecgao por L. amazonensis e

6. Avaliar a expressdo de receptores de quimiocinas em células

infectadas in vitro com Leishmania ou néao infectados.
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ABSTRACT:

Leishmania are intracellular parasites that cause lesions in the skin, mucosa and viscera. We
have previously shown that Leishmania infection reduces mononuclear phagocyte adhesion to
inflamed connective tissue. In this paper we examined the role of adhesion molecules and
chemokines in this phenomenon. Infection rate (r=-0.826, P=0.003) and parasite burden (r=-
0.917, P=0.028) negatively correlated to mouse phagocyte adhesion. The decrease (58.7 to
75.0% inhibition, P=0.005) in phagocyte adhesion to connective tissue, induced by
Leishmania, occurred as early as 2h after infection and was maintained in a plateau for at least
24h. The infection with 0.6 Leishmania per cell reduced phagocyte adhesion in 27.9 to 44.6%
(P<0.001). Impairment in cell adhesion was sustained by phagocyte infection since it was not
observed after phagocytosis of killed parasites (cell adhesion varied from 15.2% below to
24.0% above the control levels, P>0.05). Leishmania infection also diminished cell adhesion
to fibronectin (54.1 to 96.2%, P<0.01), collagen (15.7 to 83.7%, P<0.05) and laminin (59.1 to
82.2%, P<0.05). The CD1 1™ sub-population was highly infected (49.6 to 97.3%). There was
no modulation of VLA4, VLAS5, LFA-1, Mac-1, L-selectin, ICAM-2 or VCAM-1 surface
expression on the infected cells. Accordingly, Ca™ and Mg*? replacement by Mn*? reverted
the inhibition caused by Leishmania and this reversion was blocked by anti-VILA4 antibodies.
Expression of CCR4 and CCR5 mRNA was downregulated 16h after infection (2.8 to 4.1
times and 1.9 to 2.8 times, respectively). These data suggest that mechanisms regulating

integrin function are implicated in the change of macrophage adhesion in leishmaniasis.
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INTRODUCTION

The protozoan parasites of the genus Leishmania are the causative agents of tegumentary and
visceral leishmaniasis. Distinct species of Leishmania cause different forms of the disease,
although some overlap has been reported (1, 8, 34). For example, Leishmania amazonensis, a
pathogen mostly detected in cutaneous lesions, has been described to cause visceral disease
(1). The mechanisms by which the parasite induces such different diseases are largely
unknown and may involve both pathogen and host factors (8, 13, 21, 34). In all cases,
Leishmania infection initiates when an infected phlebotominae sand fly inoculates the
parasites into the dermis during feeding. Thereafter, the infective promastigotes enter and
multiply inside the host phagocytic cells, eventually reaching the draining lymph node. The
identity and fate of the cells that carry the organism away from the injection site are
controversial (31, 32, 36, 37). However, the genesis of the lesions is closely linked to the
presence of macrophages harboring Leishmania amastigotes (3). In the different forms of the
disease, one may find parasitized macrophages in the lymph nodes that drain the inoculation
site (32) or in the blood (27). Since the amastigote forms are obligated intracellular parasites,
their migration has to rely on the addressing information displayed on the surface of their

phagocytic hosts, such as the type of adhesion molecules or chemokine receptors.

In fact, it has been reported that upon phagocytosis of Leishmania major (31, 32, 37),
mononuclear phagocytes harboring live parasites migrate from the skin to the draining lymph
node. This evidence suggests that Leishmania infection induces cellular changes that lead to
de-adhesion (a first step in cellular traffic) and migration of mononuclear phagocytes from the
skin to draining lymph node. The capacity of these cells to home back to the skin, to mucosae

or internal organs, may also be modified by the parasite (2). We have recently reported the
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development of an in vitro adhesion assay to study the interactions of mononuclear
phagocytes with the connective tissue (11). Using this tool, we have shown that different
Leishmania species reduce the adherence of phagocytes to the inflamed connective tissue and
suggested that mechanisms regulating integrin affinity would be involved in such modulation
of cell adhesion by Leishmania (11). Thus, the observed decrease of cell adherence early upon

Leishmania infection may account for the first stage of this migratory process.

In the present work we examine the variables influencing the changes in phagocyte adherence
induced by Leishmania such as parasite burden, infection versus parasite products and time
course of infection. We also examine pathways potentially involved in the reduction of
Leishmania-infected phagocyte adhesion. Hence, in a first set of experiments we studied the
influence of infection rate and intensity on monocytic phagocyte adhesion, the kinetics of this
phenomenon and if infection is needed or phagocytosis of dead parasites would cause the
same effect. In a second set of experiments, we compare the profile of adhesion molecules
and chemokine receptors expression in non-infected and Leishmania-infected cells. The
understanding of the mechanisms of Leishmania dissemination may aid the identification of
novel targets for therapies against aggressive forms of leishmaniases, as well as against other

disorders mediated by inadequate addressing of monocytes (46).
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MATERIAL AND METHODS

Animals

Eight to twelve-week-old BALB/c mice were obtained from the colony of the Gongalo Moniz
Research Center - FIOCRUZ (Salvador, Brazil). The animals were maintained under
controlled environmental conditions of humidity, temperature, light-dark cycle, with
commercial balanced mouse chow and water ad libitum. The experiments involving animals
were conducted in accordance to the Oswaldo Cruz Foundation guidelines for research with

animals (http://www.fiocruz.br/presidencia/vppdt/comceua.htm).

Mouse peritoneal exudate cells

Peritoneal exudate cells (PEC) were obtained by the intraperitoneal injection of 3 ml of a
sterile thioglycollate (Sigma, USA) solution at 3% (w/v). Four days after the injection,
peritoneal cells were collected by washing the peritoneal cavity two times with cold
Ca"*/Mg"-free HBSS (Sigma) containing 20 IU/ml heparin. The cells were washed two times
in HBSS, suspended in RPMI (Sigma) with 10% FBS (Cultilab, Brazil), 60pg/ml gentamycin
and 2mM glutamine (complete RPMI) and cultured in non-adherent polypropylene tubes at
37°C and 5% CO,. More than 80% of the cells obtained using this process had macrophage
features, as evaluated by morphological analysis of Giemsa-stained slides and by flow
cytometry using forward and side scatters or staining with anti-CD11b (clone 2D7; BD-
Pharmingen, USA) and F4/80 (clone CI:A3-1; Caltag, USA) antibodies. Viability was
assessed by trypan blue exclusion. At least 85% of the cells used for the experiments were

viable.


http://www.fiocruz.br/presidencia/vppdt/comceua.htm
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Sections of inflamed tissue

Dorsal subcutaneous inflammatory air pouches were produced in BALB/c mice by the
injection of 2 ml of air and 200 pl of soy oil containing 0.1% croton oil. Animals were
sacrificed three days after the injection. Transversal full-thickness slices of tissue from the
inflammatory air pouch were collected, immersed in Histoprep (Fisher Scientific, USA),
frozen in liquid nitrogen and preserved at -70° C until use. Serial 5 pm cryostat sections
(perpendicular to the skin and to the wall of the inflammatory air pouch) were collected onto
glass slides previously coated with a gelatin film (0.5% solution in HBSS, Sigma). Sections
were air dried for ten minutes, fixed with cold (-20° C) acetone for three minutes and then
washed with PBS. Ten millimeter diameter circles were drawn around each section using a
non-toxic marker pen (Pap Pen; Daido Sangyo, Japan) to prevent the free flow of the cell
suspension over the slides. The purpose of using gelatin-coated glass slides was to minimize

the adherence of macrophages to the glass (11).

Phagocyte infections and phagocytosis of killed Leishmania

Leishmania  braziliensis (MHOM/BR/3456) and L. amazonensis (Leila strain,
MHOM/BR88/BA-125) were grown in Schneider’s insect medium (Sigma) containing 10%
(L. amazonensis) or 20% (L. braziliensis) FBS at 24° C (47). Parasites were washed three
times in HBSS, suspended in complete RPMI and incubated with the phagocytes. Control
phagocytes were either cultured with medium alone or in medium containing 3 pm-diameter
latex beads (Sigma). For some experiments, the parasites were killed by incubation with

absolute ethanol for twenty minutes on ice, washed three times in HBSS and incubated with
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the phagocytes. For the flow cytometry analyses, Leishmania were stained with a red
fluorescent dye (PKH26; Sigma) according to the manufacturer’s instructions, before
incubating them with the phagocytes. Briefly, 10® parasites were suspended in 2 ml of PBS,
mixed to a 4 uM PKH26 solution in 2 ml of PBS and incubated for five minutes at room
temperature in the dark under periodic agitation. Staining was stopped by the addition of 4 m!
of FBS and incubation at 37° C for thirty minutes and washed three times in HBSS.
Preliminary experiments showed that the dye does not escape from stained parasites or alters
its viability and infectivity in vitro (data not shown). Promastigotes or amastigote forms of
Leishmania, obtained according to a protocol described elsewhere (47) were used in these
experiments with similar results. Ten parasites or latex particles per cell were used where not
otherwise stated. Samples of the cells from each group were centrifuged onto glass slides,
fixed with methanol, Giemsa-stained and examined by light microscopy to check the
percentage of infected phagocytes and the number of parasites per infected cell. At least 1,000

mononuclear cells were counted.

Leukocyte-connective tissue adhesion assay

These assays were performed according to a previously described method (11). Briefly,
inflamed connective tissue sections were incubated with HBSS containing 1% (w/v) BSA
(Sigma) for thirty minutes at room temperature to block non-specific reactions. Cells were
washed twice in HBSS and suspended at 2x10° cells/ml in HBSS containing 1% BSA. In the
experiments of replacement of divalent cations, cells were washed with Ca"*/Mg**-free
HBSS, incubated with 1 mM EDTA for five minutes on ice, washed three times in Ca*/Mg**-
free HBSS, suspended in Ca"*/Mg**-free HBSS containing 1% BSA and supplemented with

250uM Ca'? and 250pM Mg*? or 500pM Mn*%. In some experiments, VLA4 was blocked by
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incubation of the cells and tissue sections with antibodies (clone R1-2; BD-Pharmingen,
USA) at 10pug/ml for twenty minutes on ice, before they were left to adhere to the tissue.
Aliquots of 4x10° cells were placed over the tissue sections. They were incubated under
agitation (eighty cycles per minute on a circular shaker), washed three times in PBS with Ca"
and Mg+2 (500uM) to remove non-adherent cells and fixed for thirty minutes in 1%
glutaraldehyde. Slides were then stained with H&E and examined under light microscopy.
Measurements were performed using a CX41 microscope (Olympus, USA) coupled to a
digital imaging system. Non-overlapping areas of inflamed connective tissue represented in
all sections were selected for the measurements. Five microphotographs were taken from
equivalent areas in each section and the adhered cells were counted using the Image-Pro Plus
4.5 software (Media Cybernetics, USA). Results are expressed as the mean + SEM of the
counts obtained in each treatment replicate or as the percentage of cells adhered as compared
to the untreated controls. Four to six sections were used per group of cells subjected to

different treatments.

Leukocyte-extra-cellular matrix components adhesion assay

Sterile 96-well ELISA plates were sensitized with collagen, fibronectin and laminin. For
sensitization with collagen, the wells were incubated overnight with a type I collagen solution
at 300 pg/ml (Sigma) in ammonia atmosphere at room temperature. In order to increase
fibronectin binding to the wells, sensitization was done in wells previously coated with
collagen with a 10 pg/ml fibronectin (Sigma) solution. Laminin sensitization was done using
a laminin solution (Sigma) at 20 pug/ml. The plates were incubated for 1 hour at 37° C and
washed three times in HBSS. Samples of the cells (200 pl containing 8x10* cells) were seeded

in each well and incubated for 1 hour at 37° C and 5% CQO,. After the incubation, plates were
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carefully washed four times in warm HBSS and the adhered cells were fixed with 1%
glutaraldehyde for thirty minutes. Six replicates were used for each treatment. Three different
non-overlapping random areas per well were taken for quantification in an inverted
microscope, similarly to what was described above. Results are expressed as the mean of the

counts obtained in each treatment replicate.

Flow cytometry analysis

Murine PEC were analyzed for surface expression of CD11a (clone 2D7), CD11b (M1/70),
CD18 (GAME-46), CD49d (9C10), CD62L (MEL-14), CD102 (3E2) and CD106
(429/MVCAM.A). All antibodies were fluorescein conjugates obtained from BD-Pharmingen.
Non-infected or Leishmania-infected cells were suspended in PBS containing 1% BSA and
0.05% sodium azide and blocked with 5% mouse serum plus 5% FBS for thirty minutes on
ice. The cells were then incubated with labeled antibodies or isotype controls (A95-1 and
R35-95 from BD-Pharmingen) in a dilution of 1:200 for thirty minutes. The data shown is
representative of four independent experiments. Cells were washed and analyzed on a
FACScan flow cytometer using the CellQuest software (Becton—Dickinson, USA). The
histograms and bitmaps of distribution of cell populations were constructed using the FlowJo

Software (Tree Star Inc, USA). Fifty thousand events were analyzed per sample.

Chemokine receptor expression analysis by Real-Time PCR

We analyzed six different chemokine receptors known to be present on monocytic cells

(CCR1, 3, 4, 5, 7 and CXCR4) (35, 42, 43, 54, 55). Total RNA was extracted using the

RNeasy RNA extraction kit (Qiagen, USA) according to the manufacturer’s protocol. Real-



40

time RT-PCR was performed on an ABI Prism 7000 sequence detection system (Applied
Biosystems, USA) using SYBR Green PCR Master Mix (Applied Biosystems) after reverse
transcription of 1 pg RNA using Superscript II reverse transcriptase (Invitrogen, USA). The
relative level of gene expression was determined by the comparative Ct method as described
by the manufacturer, whereby each sample was normalized to 18S and expressed as a fold
change compared with untreated controls. Primer3 software (Whitehead Institute for

Biomedical Research, USA) (40) was used to design the specific primers (Table 1).

Analysis of results

The statistical significance of the difference between groups was assessed using the two-tailed

student’s ¢ test or one-way ANOVA, followed by Newman—Keuls post test, with critical level

of significance at P < 0.05. Trends were measured using Pearson’s correlation coefficient (r).
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RESULTS

The intensity of the infection determines the adhesion rate to connective tissue of mouse

monocytic phagocytes

We first evaluated the effect of the infection intensity on phagocyte adhesion using different
doses of parasites per cell (figure 1). Twenty-four hours after the infection, the percentage of
infected cells inversely correlated with the number of adhered cells (r = -0.734, P<0.0001).
The number of parasites per infected phagocyte also negatively correlated with the connective
tissue adhesion (r = -0.780, P<0.0001). These correlations followed a polynomial distribution,

reaching a plateau at about 50% of infected phagocytes or at three parasites per infected cell.

Leishmania infection modulates phagocyte adhesion as early as two hours after infection

We next tested whether the observed effect on Leishmania-infected macrophage adhesion was
dependent on the time of exposure to the parasite. Observing different time points after in
vitro infection (figure 2), we noticed a significant reduction in adhesion at two hours (25.1 to
41.8% of the control levels; ANOVA P<0.01). The effect of Leishmania infection on cell
adhesion was partially reverted between two to six hours (P<0.05) and was kept in a plateau

thereafter, until the last time point tested (24h).

A critical rate of infection has to be achieved in order to change the adherence of

mononuclear phagocytes to the connective tissue two hours after infection
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As shown in figure 3A, two hours after PEC infection with 0.6 parasite per cell, the cell
adhesion was not significantly decreased. It remained at 92.8 to 93.4% of the control levels
(ANOVA P>0.05), while infection with 2.5 parasites per cell significantly reduced the
adhesion of the cells to inflamed connective tissue (53.0 to 69.5% of the control levels,
ANOVA P<0.05). After twenty-four hours of infection with 0.6 live parasite per cell,
however, we observed a significant reduction in the adhesion of PEC to connective tissue

(55.4 to 74.2% of the control levels, ANOVA P<0.001; figure 3B).

Modulation of mononuclear phagocyte adherence to inflamed connective tissue is

sustained by infection and not by phagocytosis of killed parasites

In order to examine if the effect on leukocyte adhesion could be reproduced by products of
dead parasites, phagocytes were incubated with killed Leishmania. Incubation with 10
parasites per cell for the short period of two hours reduced the adhesion of PEC to the
connective tissue (26.2 to 50.5%, ANOVA P<0.001; figure 3A). The same phenomenon was
not observed when the incubation period was extended to 24 hours: the adhesion varied from
78.8 to 124.0% of the control levels (ANOVA P>0.05; figure 3B). At this later time point, the
number of parasite-containing phagocytes in the group incubated with ten killed parasites per
cell was equivalent to that observed in the group infected with two live parasites per cell (22.7
vs 28.5%; t test P=0.7), where significant reduction in adhesion was observed. Identical

results were obtained using killed promastigotes or amastigotes.

Since we observed some differences between results of the experiments performed at early (2
to 4 hours) or after longer periods (8 to 24 hours) of Leishmania infection, we considered the

possibility that distinct mechanisms influencing phagocyte adhesion would be taking place at
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these two stages of infection. Hence, we performed some of the subsequent experiments

taking in account those two times of infection.

Leishmania infection decreases mononuclear phagocyte adhesion to purified extra-

cellular matrix components

In order to identify the cell-connective tissue adhesion pathways altered in the Leishmania
infection we have performed a series of experiments using fibronectin, collagen and laminin
as substrate for cell adhesion (39). The adhesion of PEC to all the tested extra-cellular matrix
components was reduced upon infection of the cells with Leishmania (figure 4). Adhesion to
fibronectin was reduced to 26.3% (45.9 to 3.8; ANOVA P<0.01) of the control levels.
Moreover, the number of cells adhered to collagen or laminin was small, and further reduced
upon Leishmania infection: 22.3% (84.3 to 16.3%; ANOVA P<0.05) and 17.8% (40.9 to

17.8%; ANOVA P<0.05) of the control levels respectively.

The expression of adhesion molecules is not modulated by Leishmania either two or

twenty-four hours after infection

Since the experiments described above indicated impairment of a wide range of integrins
involved in phagocyte-connective matrix interactions, we decided to compare the surface
expression of adhesion molecules between infected and non infected phagocytes. The PEC
infected with Leishmania displayed only a slight shift towards a decrease of CD49d (VLA4 a4
chain, a fibronectin receptor) in two out of four experiments (figure 5). No significant changes
in the intensity of expression of other adhesion molecules involved in cell-cell or cell-matrix

interactions such as CD11a (LFA-1 o chain), CD11b (Mac-1 oy chain), CD18 (j3; integrin
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chain), CD62L (L-Selectin), CD102 (LFA-1 ligand ICAM-2) or CD106 (VLA4 ligand

VCAM-1) were observed in four independent experiments (figure 5).

Differences in the profile of adhesion molecule expression were, however, associated to the
intensity of phagocyte infection (figure 6): compared to the CDI11b™® and CDI11b°
populations, the CD1 16" population showed a higher percentage of infection (13.5-20.7% and
15.8-26.1% vs 49.6-97.3%, respectively). Almost all highly infected cells were in the CD11b™
population. The CD11a"® population had a higher percentage of infected cells as compared to
the CD11a" population (59.0-91.1% vs 24.1-30.9%). Almost all the CD11a™® population
was highly infected. CD49d showed a pattern of infection similar to the one observed with the
CD1 1a staining (66.6-83.5% infected cells in the CD49d™® and 23.5-37.0% in the CD49d"*

population). Also, most CD49d"™® cells were highly infected.

Analyses of cells gated at the Leishmania®” and Leishmania™® sub-populations (figure 6,
center histograms) revealed that CD11b expression was bimodal in the infected population
showing discrete CD1 1b'° and CD11b" peaks. Although the CD1 1b™ peak was blunt in the
uninfected sub-population, the proportion of the cell populations in gates CD11b-negative, -
low and -high (figure 6, CD11b, first and second columns) was unchanged comparing the
Leishmania to the control group (negative, 3.7-16.7% vs 4.1-17.6%; low, 67.0-88.9% vs 56.9-

71.0%; high, 8.3-21.7% vs 10.8-39.8).

Very late activation antigen (VLA) 4 function is modulated by Leishmania infection

Manganese regulates integrin function and activate most integrins to its highest affinity form

without modifying membrane clustering formation or surface expression levels (9, 45). To
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confirm that the impairment in the infected-cell adhesion to fibronectin resulted from changes
in VLA4 function instead of in the expression of this integrin, we conducted experiments
replacing Ca'? and Mg™ by Mn*? on infected cells during the adhesion assays (figure 7).
Calcium and Mg"? replacement by Mn*? increased the adhesion of both infected (447.9 to
3961.0 cells/mm?) and uninfected cells (2193.0 to 3945.0 cells/mm?) to fibronectin (ANOVA
P<0.001), reverting the inhibitory effect of Leishmania infection on the adhesive capabilities
of these cells (ANOVA P>0.05). Anti-VLA4 antibodies abrogated the effect produced by

Mn*? on the adhesion of these cells (ANOVA P<0.001).

Leishmania down-regulatess CCR4 and CCRS gene expression by mononuclear

phagocytes

Since our data suggested that changes in integrin function instead of adhesion molecule
expression was altered in Leishmania-infected cells, we investigated possible changes in the
expression of chemokine receptors by infected cells. We found that two hours after infection
(figure 8A), CCR1, CCR5 and CCR7 were up-regulated about two times comparing to the
control group (1.59 to 2.89, 1.68 to 3.74 and 1.92 to 2.36 times respectively). By 16 hours
after infection (figure 8B), however, live Leishmania caused a down-regulation in the
expression of CCR4 (-2.82 to -4.05 times) and CCRS (-1.88 to -2.84 times). Killed
Leishmania increased the expression of CCR4 at this same time point (1.66 to 5.43 times).
The LPS-treated controls showed a marked reduction in the expression of CXCR4 both at two
hours (-6.88 to -13.48 times) or sixteen hours (-1.81 to -3.74 times), in accordance with

previous works (48, 51).
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DISCUSSION

In the present study we investigated the mechanisms underlying the modulation of the
adhesion of mononuclear phagocytes to connective tissue by Leishmania. This modulation,
which has been previously described by de Almeida and collaborators (19) and by our group
(11), may be important in the process of parasite dissemination to different tissues (30).
Herein, we demonstrate that phagocyte adherence to the inflamed connective tissue is
modulated by the parasite burden in the cell and the changes are sustained by infection, and
not by phagocytosis of killed Leishmania. Our data suggest that mechanisms that regulate cell
surface Pl-integrin activity, rather than the differential expression of these adhesion
molecules, are implicated in the change of macrophage adhesion in leishmaniasis and that

changes in the expression of chemokine receptors may be involved in this process.

In our previous report, we noticed that the reduction of adhesion observed after phagocyte
infection by Leishmania was variable (11). Herein we show that differences in the intensity of
infection cause such variation: a negative correlation was observed between the percentage of
infected cells, the number of parasites per infected cell and their adherence to the connective
tissue. It has been estimated that, in the early stages of Leishmania infection in vivo, the rate
of parasites per phagocytic cell is low, varying in the range of 0.03 to 0.1 (17). As the disease
progresses, however, the number of parasites steadily increases and may reach a rate of 30 to
100 parasites per phagocytic cell (17, 28). The partial clearance of the parasite from the
inoculation site after a period of intense proliferation correlates to the appearance of infected
cells at distant sites (50). Our data show that infection with small numbers of Leishmania was
not able to reduce phagocyte adhesion at two hours post-infection. Nevertheless, significant

reduction on phagocyte adhesion occurred by twenty-four hours, when intracellular
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proliferation had taken place (33, 53). Indeed, increasing the amount of Leishmania parasites
per cell significantly reduced phagocyte adhesion until reaching a plateau at ten parasites per
cell even after two hours of co-incubation. Under conditions of such high parasite burden,
connective-tissue adhesion by infected phagocytic cells reach levels of about 20-30% of that
observed with non-infected cells. We are now studying the migratory capabilities and

pathways used by these cells in vivo.

To evaluate whether the changes in phagocyte adhesion were dependent on the infection of
the cells by the parasite or could be maintained by products of phagocytosed Leishmania,
mononuclear phagocytes were incubated with either live or ethanol-killed Leishmania. We
chose to use ethanol to kill Leishmania as this method would better preserve the carbohydrate
structure as well as the morphology of the parasite (14). In experiments employing dead
parasites, we only observed reduction in cell adhesion in the early stages of co-incubation
(2h). Such inhibition in cell adhesion was reverted to control levels by twenty-four hours of
culture, even when the number of parasites inside the cells was maintained at rates that
inhibited adhesion if live Leishmania were used. In fact, when live parasites were used, an
intense decrease in cell adhesion was observed two to four hours after infection, with slight
reversion at later time points (8-24 hours). A possible explanation for this process is a
transient blocking of adhesion molecules on the surface of phagocytic cells by molecules
present on the surface of the Leishmania (non-internalized parasites are still seen at two hours
after infection, some of them attached to the surface of phagocytes). Leishmania binds to
Mac-1 (38) and other integrins (4) and these molecules are intimately linked to connective
tissue-phagocyte and intercellular adhesion (9, 20, 52). Flow cytometry analyses of the cells
used in this study shows that the CD1 16" sub-population is highly phagocytic or permissive

to Leishmania infection. Such findings may be related to the use of this pathway in parasite
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binding and internalization by the phagocyte, producing a transient blocking of the

interactions between this (and potentially of other integrins) and the connective tissue.

Integrins constitute the main molecules used by monocytic phagocytes to interact with
connective tissue cells and extra-cellular matrix components like collagen, laminin and
fibronectin (9). Integrins a4/B; (VLA-4) and as/B; (VLA-5) are important in the interaction of
monocytes with fibronectin (5, 10, 49). We have previously shown that monocytic phagocytes
rely mainly on B, and o4-integrins to adhere to the inflamed connective tissue (11). Here we
observed that the infection by Leishmania reduces macrophage adhesion to fibronectin,
laminin and collagen. By using flow cytometry analyses, however, we did not observe
decrease in the cell surface expression of any of the examined adhesion molecules. This is
true for the whole group of cells co-incubated with Leishmania (11) and for the subset of
amastigote containing cells (this work). It is now long recognized, however, that signaling via
hepta-helical G-protein coupled chemokine receptors may modify the binding activity of
integrins without altering their cell surface expression levels (20, 26, 29). Integrin function
may be modulated by altering their lateral mobility/clustering and three-dimensional
molecular conformation (22, 45). Consistent with these findings, we have shown herein that
the adhesion of infected cells was almost completely restored by manganese, a phenomenon
that was blocked by antibodies to the a4-integrin. As manganese is known to change the
integrin from a low affinity to a high affinity state (45), these results indicate that the control

of integrin affinity may be impaired in infected phagocytes.

We also showed that CCR1, CCRS5 and CCR7 expression were increased during the early
stages of in vitro infection with Leishmania, and CCR4 and CCRS were decreased at later

time points (16h). The beta chemokine receptor 4 (CCR4) has been described as an important
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homing molecule directing lymphocytes specifically to the inflamed skin, in response to its
ligands CCL17 (TARC) and CCL22 (MDC) (7). Immunohistochemistry of the inflammatory
air pouches that we used in our adhesion assays revealed a strong expression of CCL17 (data
not shown). Knockout mice lacking CCR4 show normal macrophage recruitment to the
peritoneal cavity early after LPS injection but, by twenty-four hours, the number of these cells
is much lower than that found on wild type mice. Reduction of peritoneal macrophage
numbers was accompanied by resistance to LPS-induced shock and decreased macrophage-
derived serum cytokine levels (12). These results indicate the importance of the impairment of
the CCR4-dependent pathway in the kinetics of macrophage mobilization in an inflammatory
setting. In our experiments, live but not killed Leishmania induced down-regulation of CCR4
and loss of phagocyte adherence to the connective tissue twenty-four hours after infection.
This may indicate the involvement of this pathway in the migration of monocytic phagocytes

from the Leishmania inoculation site and in the development of a systemic/adaptive response.

The main ligand for the CCR5 (RANTES or CCL5) has been shown to modulate the adhesion
of eosinophils to ICAM-1, without altering the expression of Pr-integrins (23). It has also
been shown that the CCRS ligands CCL3 (MIP-1a) and CCLS5 stimulate firm adhesion of
monocytes to VCAM-1 and fibronectin-coated plates in a B,-integrin-dependent way, as a
result of affinity regulation (49). Our results show that live Leishmania up-regulated the
expression of CCR5 at the early stages of infection, as observed by Dasgupta and
collaborators (15). Such effect, however, is rapidly reversed to downregulation as the
infection progresses, in accordance with the findings of Steigerwald and Moll, whom showed
that the L. major-induced downregulation of CCR2 and CCRS5 decreased the capacity of bone

marrow-derived dendritic cells to migrate toward its respective ligands CCL2 and CCI3 (44).
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The possible participation of such down-regulation of CCRS in lowering the capacity of

infected cells to adhere to connective tissue is now been studied in our laboratory.

Previous work has shown that immunological hypo-responsiveness in leishmaniasis may be
due to an active inhibition of the antigen-presenting functions of monocytic phagocytes, and
that these effects are related to parasite burden in these cells (18, 25, 41). In this work we
showed that integrin functions are impaired in these cells in a manner that is also dependent
on parasite burden. Besides their functions in leukocyte trafficking, integrins have been
shown to be necessary for the formation of immunological synapses and for antigen-
presenting cell (APC) functions, stabilizing the APC-T-cell interaction and allowing the
relatively low affinity TCR ligands to stimulate T cells (16, 24). Hence, we propose that, in
addition to changes in B7 expression (25, 41), the impairment in integrin function in
mononuclear phagocytes with high Leishmania burden may also contribute to the inefficient
stimulation of CD4" T-helper cells during antigen presentation. Thus, the impairment in
integrin function observed in the work reported herein is in accordance with evidence
suggesting that Leishmania produce a wide spectrum of suppressive changes in the infected
phagocyte (6). The intracellular mechanisms altered by Leishmania infection that could
mediate the bulk of these effects deserve further study. The identification of these intracellular
pathways may disclose potential targets to be aimed at in new therapeutic strategies for
aggressive forms of leishmaniasis and other diseases associated with inadequate addressing of

phagocytes (46).
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Figure 1. Correlation between adhesion of peritoneal exudate cells to inflamed
connective tissue and the intensity of infection, as measured by the percentage of
infected phagocytes (A) and the number of parasites per infected cell (B). Twenty-four
hours after infection, the adherence to the connective tissue inversely correlated to both the
percentage of infected phagocytes (r = -0.734, P<0.0001) and number of parasites per infected

cell (r =-0.780, P<0.0001). The dots represent data from five independent experiments.
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Figure 2. Effect of infection time on the adhesion of mouse mononuclear phagocytes to
the connective tissue. PEC were cultivated with medium alone (0h), or medium containing
live Leishmania for 2, 4, 6 or 8 hours and left to adhered for thirty minutes to a section of
inflamed skin as described in Material and Methods. The loss of adhesion of infected
phagocytes was evident by 2h after infection. This effect is partially reverted between 2 and 6
hours (student’s ¢ test P<0.05) after infection. Geometric forms represent three independent
experiments and the line represents the mean. Note that the tendency is maintained in all

experiments in spite of the variation among different assays.
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Figure 3. Effect of the infection with different Leishmania-to-phagocyte ratios in cell
adhesion to connective tissue, two (A) or 24 hours (B) after infection. Monocytes were
cultivated with medium alone (controls), or with medium containing either live (filled
triangles) or ethanol-killed (empty squares) Leishmania and were left to adhere for thirty
minutes to sections of inflamed skin as described in Material and Methods. Incubation of the
phagocytes with small amounts of Leishmania (0.6 per phagocyte) led to a decrease in the
adhesion twenty-four hours (P<0.001) but not two hours after infection (P>0.05). Data

extracted from three independent assays.
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Figure 4. Effect of Leishmania infection in the adhesion of mouse mononuclear
phagocytes to purified extra-cellular matrix components. Cells cultivated with medium
alone (empty bars), or medium containing live Leishmania (filled bars) were washed and
adhered for thirty minutes to pre-coated ELISA plate wells, as described in Material and
Methods. Leishmania infection reduced adhesion to collagen (112.5 vs 25.0 cells/mm?;
ANOVA, P<0.05), laminin (153.1 vs 28.1 cells/mm?, ANOVA, P<0.001) and fibronectin
(2421.9 vs 637.5 cells/mm?, 73; ANOVA, P<0.01). The data shown is representative of five
different experiments. The P values of the differences between results obtained from infected

and non-infected control cells are supplied.
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Figure 5. Cell surface expression of adhesion molecules on mouse peritoneal exudate
cells, two (A) or 24 hours (B) after infection with Leishmania. Cells cultivated with
medium alone (thin lines) or with live Leishmania (bold lines) were washed and stained with
the appropriate fluorochrome-linked antibody, as described in Materiql and Methods. Gray
lines represent the isotype controls. The data depicted is representative of four independent

analyses.
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Figure 6. Cell surface expression of adhesion molecules and infection rate in sub-
populations of mouse peritoneal exudate cells 24 hours after culture. Cells cultivated with
medium alone (control), or medium containing live fluorescently stained Leishmania
(Leishmania) were washed and stained with FITC-conjugated antibodies as described in
Material and Methods. Numbers in the contour plots (1* and 2™ columns) represent the
proportion of the populations defined by the fluorescence intensity in the X axis. In the center
histograms (3" column), gray lines represent the isotype control, black thin lines represent the
staining of cells negative for Leishmania (Y axis) in the 2" column and bold black lines the
positive cells. The filled histograms on the right (4™ 5™ and 6™ columns) express the
percentage of the infected population in the gates negative, positive/lo and high defined in the

plots on the 2™ column. The data presented is representative of four independent experiments.
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Figure 7. Effect of manganese ions on thg Leishmania-infected phagocyte adhesion to
fibronectin. Cells were cultivated for 24 h with medium alone (empty columns), or medium
containing Leishmania (solid columns), washed, treated with 250 uM Ca*? and 250 uM Mg
or with 500pM Mn'? in the presence of anti-oy-integrin antibody (anti-VLA4) or isotype
controls. Cells were allowed to adhere for thirty minutes to fibronectin-coated ELISA plate
wells, as described in Material and Methods. The addition of Mn*? reverted the loss of
phagocyte adhesion induced by Leishmania infection (ANOVA, P>0.05). The increase in

2

adhesion induced by Mn"* addition was abrogated by the addition of an anti-o4-integrin

antibody (ANOVA, P<0.001).
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Figure 8. Chemokine receptor mRNA expression by PEC, two (A) or sixteen hours (B)
after incubation with L. amazonensis. Cells were cultivated in medium alone (base line), in
the presence of 1 pg/ml LPS (checkered columns) or medium containing either live (solid
bars) or killed (dotted bars) Leishmania. After incubation, total RNA was extracted and
subjected to reverse transcription-real-time PCR, as described in the Material and Methods.
Two hours after incubation (A), either live or ethanol-killed Leishmania caused an increase in
the expression of CCR1, CCRS and CCR?7, while LPS decreased CXCR4 expression by 10.4
times. Twenty four hours after incubation (B), killed parasites induced a four-fold increase in
the expression of CCR4 while live parasites inhibited CCR4 (three times) and CCRS (two
times) expression. LPS decreased CXCR4 expression three times. This data is representative

of three independent experiments.
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Table 1. Sequence 5°-3’ of the primers used in this study.

Gene Sense Anti-Sense Accession #
18S rRNA CACGGCCGGTACAGTGAAAC CCCGTCGGCATGTATTAGCT M27358
CCR1 CAAAGGCCCAGAAACAAAGT TGGTCAGGAATAATAGCTTCTGAAT BCO011092

CCR3 TGTTATCTCTGTTTCATTAGCAGTG CAGTCTTGATTTCATCTGTGTTGA U29677

CCR4 GACTGTCCTCAGGATCACTTTC GGCATTCATCTTTGGAATCG U15208
CCRS CTCCTAGCCAGAGGAGGTGA TGTCATAGCTATAGGTCGGAACTG U83327
CCR7 CTACAGCCCCCAGAGCAC TGACCTCATCTTGGCAGAAG NM_007719

CXCR4 GGTAACCACCACGGCTGTA AGTCTCCAGACCCCACTTCTT NM_009911
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5 DISCUSSAO

Nesta discussido, abordaremos alguns pontos que nao foram aprofundados
na discussdo do artigo apresentado, por questdoes de restricdo de espacgo e

forma do periédico escolhido.

Diversos trabalhos tém tentado pontuar o tipo celular responsavel pelo
transporte e apresentagcao de antigeno durante a infec¢do por Leishmania
(vide abaixo). Uma vez que a perda de adesdo ao tecido conjuntivo pode
representar um passo inicial neste processo, a identificacdo precisa das
células que sofrem este tipo de alteragdo é crucial para o entendimento da
patogénese da leishmaniose (CARVALHAL et al., 2004).

O primeiro trabalho a acessar esta questdo foi publicado por Moll e
colaboradores (1993). Neste trabalho a célula implicada no transporte e
apresentagido de antigeno de Leishmania major é a célula de Langerhans.
Mais tarde outros autores demonstraram que as c€lulas de Langerhans,
apesar de migrarem para o linfonodo drenante, ndo sdo capazes de
apresentar antigenos eficazmente em uma variedade de sistemas (ALLAN et
al., 2003; ZHAO et al.,, 2003), incluindo durante a infecgdo por Leishmania
(LEMOS et al., 2004; MISSLITZ et al., 2004; RITTER et al., 2004). Além disso,
outros trabalhos também suportam a hipétese de que as células que
carreiam antigenos de Leishmania (MURAILLE et al., 2003) ou particulas de
latex (RANDOLPH et al, 1999) sao células derivadas de monécitos

inflamatoérios circulantes.

Makala e colaboradores (2001b) demonstraram que, no pool de células de
exsudato peritoneal induzido por tioglicolato (tipo celular utilizado neste
trabalho), existem células com capacidade de diferenciagdo em células
dendriticas com fendtipo mieloide e grande capacidade de estimular a
proliferagao de linfécitos T in vitro. Este fenétipo € compativel com o sub-tipo
de célula dendritica que € responsavel por apresentar antigenos a linfécitos T
in vivo em outros sistemas (ALLAN et al., 2003; ZHAO et al., 2003; LEMOS et
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al., 2004; RITTER et al.,, 2004). Estamos agora conduzindo experimentos em
nosso laboratério para elucidar o fenétipo das células que sofrem redugao na

adesdo ao tecido conjuntivo inflamado.

Como visto na Introdugdo, integrinas sdo moléculas que podem ter suas
funcoées reguladas de diversas maneiras. Os mecanismos fisiolégicos de
controle dessas moléculas provavelmente dependem de eventos intra-
celulares que culminam com alteragcdes na funcdo das integrinas na

superficie externa da célula (inside-out signaling) (KINASHI, 2005).

Duas vias principais de sinalizacdo intra-celular estdo implicadas nas
alteracgoes de funcao das integrinas: (1) vias associadas a pequenas GTPases
da familia Rapl (KATAGIRI et al., 2000) e (2) as vias associadas a fosfatidil-
inositol-3-OH cinase (PI3K), ambas associadas a receptores de quimiocinas

acoplados a proteinas G (GIAGULLI et al., 2004).

Dois dos pontos em questao sao: (1) qual o mecanismo desencadeado pela
infecgdo por Leishmania que responde pela perda de adesao dos fagécitos ao
tecido conjuntivo inflamado ou a componentes imobilizados da matriz
extracelular e (2) qual o meio utilizado pelo parasito para levar a este

fendmeno.

Tanto a via de Rapl quanto a via de PI3K sao reguladas por mensageiros
intermediarios que podem ser comuns a diversas outras vias de sinalizagdo
(BOS et al.,, 2003; GIAGULLI et al., 2004; KATAGIRI et al.,, 2004). Dessa
maneira, a inibigcdo funcional de integrinas, observada neste estudo, pode
fazer parte de um programa comum, desencadeado pela infecgdo por
Leishmania, no qual algumas fung¢des celulares estao fortemente suprimidas
(ALEXANDER & RUSSELL, 1992).

Até o momento, pouco se conhece sobre a interferéncia da infecgao por
Leishmania na modulagdo da funcao de integrinas através dessas vias.

Apesar disso, parece improvavel que este parasito aja através da inibigcao de
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vias dependentes de PI3K, uma vez que animais nocautes para uma
subunidade crucial para a ativagdo desta cinase sao mais resistentes a
infeccao por L. major que seus pares selvagens como consequiéncia do
aumento nao controlado na expressédo de IL-12 naqueles animais (FUKAO et
al., 2002).

Tem sido amplamente demonstrado que diferentes espécies de Leishmania
sdo capazes de causar diversos efeitos inibitérios em células mononucleares
infectadas. Entre estes estdo alteracées na homeostase de calcio (OLIVIER et
al., 1992a; OLIVIER et al., 1992b), a inibi¢ado da modulagao de expressao de
moléculas co-estimulatérias em macrofagos (KAYE et al., 1994; SAHA et al.,
1995), mondcitos (DE ALMEIDA et al., 2003a) e células dendriticas (PRINA et
al., 2004), hipo-responsividade ao estimulo com interferon-gama (IFN-y)
(REINER, 1994; NANDAN & REINER, 1995) ou mesmo a supressao da
expressao de diversas outras moléculas, como demonstrado através de

técnicas de micro-arranjo de DNA (BUATES & MATLASHEWSKI, 2001).

O achado de que macréfagos infectados com espécies de Leishmania estavam
em estado de hipo-responsividade ao IFN-y, além de outros achados, acima
mencionados, trouxeram consigo a visdo geral de que este parasita leva o
fagocito a um estado de desativagdo (REINER, 1994). Entretanto, tem sido
cada vez mais aceita a idéia de que macréfagos podem ser ativados da
maneira classica, com expressao de citocinas proé-inflamatérias e ativagao de
vias de aniquilagdo de germes intracelulares, ou de uma maneira chamada
alternativa ou tipo II. Nessa ultima situagdo, os macréfagos expressam
citocinas anti-inflamatoérias ou moduladoras como TGF-3, IL-10 e TNF-a e
sdo menos capazes de destruir microorganismos intra-celulares (MA et al.,

2003; MOSSER, 2003).

Recentemente, alguns autores tém demonstrado que as modificagées na
expressdo génica de macréfagos nos momentos mais iniciais da infeccao por
Leishmania chagasi ndo sao tdo abrangentes como foi demonstrado em

pontos mais tardios da infeccdo (BUATES & MATLASHEWSKI, 2001). De
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fato, os dados encontrados por Rodriguez e colaboradores (2004) sugerem
que, durante o contato inicial com o patégeno, os macrofagos podem ser
induzidos a expressar e suprimir genes em um padrdo compativel com

ativagao tipo II.

Como observamos antes, ha uma clara discrepancia entre o percentual de
células infectadas e o percentual de redugao da adesao ao tecido conjuntivo
(vide figura 1A do manuscrito apresentado). Este dado nos chamou a
atencao para a possibilidade de que um fator soltivel agindo em células
infectadas, e também em células vizinhas nao infectadas, leve a reducéo da
aderéncia dos fagécitos mononucleares observado neste estudo. Entretanto,
em experimentos realizados com sobrenadantes de culturas infectadas, néao
conseguimos detectar qualquer efeito atribuivel a um fator soluvel
(MACEDO, 2004).

Estes experimentos, entretanto, ndo afastam a possibilidade de um fator
extremamente labil ou sensivel ao congelamento (esses experimentos foram
realizados com meios condicionados mantidos congelados antes do
uso)(MACEDO, 2004). Para avaliar essas questdes, estamos realizando
experimentos com camaras de co-cultura separadas por uma membrana
semipermeavel. Neste sistema, poderemos avaliar nao s6 o papel de um fator
soluvel, mas também a possivel necessidade de contato intercelular para a

expressao do fendmeno observado.

Formica e colaboradores (1994) demonstraram que a adesao de macrofagos a
uma matriz conjuntiva, composta principalmente por fibronectina,
aumentava sensivelmente a produgdo de substidncias microbicidas. Além
disso, como apresentado na Introdug¢do, LFA-1 é uma integrina intimamente
ligada ao processo de apresentacao antigénica a linfécitos T e a inibigdo de
sua fungdo pode levar a um estado de anergia a um antigeno co-
administrado (DAVIGNON et al., 1981).
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Tomados estes aspectos em conjunto, a inibi¢do da fungdo de integrinas
(especialmente VLA4 e talvez Mac-1 e LFA-1), demonstrada no manuscrito
aqui apresentado, poderia tanto ser parte de um processo maior de re-
programacgao celular induzida pela Leishmania como um fenémeno isolado.
Nesta ultima hipétese, consideramos ainda a possibilidade da inibicdo da
funcao de integrinas ser precursora e potencialmente causadora de outros
efeitos inibitérios observados nas células infectadas por este parasito. A
perda de adesao e um possivel aumento na capacidade migratoria poderiam
também ser parte do mecanismo de direcionamento da diferenciagao de
monocitos em macrofagos ou células dendriticas, um processo ainda pouco

conhecido.
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6 CONCLUSOES / SUMARIO DE RESULTADOS

I) A inibicdo da adesdo de fagdécitos mononucleares depende da

intensidade da infec¢ao jem experimentos com diferentes taxas de parasito por

célula (vide paginas 37 e 49), encontramos uma correlagdo inversa entre infec¢ao e

capacidade de adesdo celular, como também foi observado por Almeida e
colaboradores (2002)];

II) A inibicdo da funcdo de integrinas é mantida pela infeccao, mas

nao pela fagocitose de parasitos mortos [em experimentos de incubagdo

por 24 horas, apenas células infectadas com parasitos vivos apresentavam

reducgdo na capacidade adesiva (vide pdaginas 37 e 50)];

I A infeccio com Leishmania modifica a funcdao, mas ndo a

expressio de integrinas na superficie dos fagocitos ja expressdo de

integrinas estava inalterada em células infectadas com Leishmania (vide paginas 38,

51 e 52), a redugdo de adesdo foi revertida com a adi¢c@o de Mn*? e essa reversdo fot

bloqueada com anticorpos contra VLA4 (paginas 38, 39 e 52)]:

a.

Isso pode decorrer de redug¢io na sinalizag¢ao via receptores

de quimiocinas /em experimentos de RT-PCR em tempo real, mostramos
redugdo na expressido de CCR4 e CCRS apés a infecgcdo por Leishmania (vide
paginas 39 e 53). Além disso, Steigerwald & Moll (2005) demonstraram que a
infecgdio por Leishmania reduz a expressdo de CCR2 e CCR5 em células
dendriticas e diminui a migracdo in vitro dessas células na presenca de CCL2 e
CCL3];

Ou pode ainda ser parte de uma inibicdo geral de funcdes
celulares que é desencadeada pela infeccdo por Leishmania
(BUATES & MATLASHEWSKI, 2001), contribuindo para a
hipo-responsividade imunolégica observada nos momentos
iniciais das diversas formas de leishmaniose (ALEXANDER &
RUSSELL, 1992).
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7 PERSPECTIVAS

1) Qual o fenétipo das células com potencial migratério induzido pela
infeccao por Leishmania?
Para investigar essa questdo, estamos realizando experimentos
preliminares utilizando células marcadas com corantes
fluorescentes, citometria de fluxo e imunoistoquimica. Esses dados
serdo cruciais para a construg¢do de um modelo de disseminacio

parasitaria na leishmaniose.

2) Quais as vias de sinalizagado intracelular que estdao envolvidas na
perda de adeséao celular induzida pela infec¢do por Leishmania?

Para avaliar esta questdo, realizaremos experimentos utilizando
inibidores especificos de diversas vias de sinalizagao intracelulares
e animais nocaute para CCRS. O entendimento dos mecanismos
que regulam este fenémeno pode ser de importancia na definigao de
alvos terapéuticos para formas onde ha disseminagdao do parasito
no hospedeiro ou mesmo em outras patologias associadas a
enderecamento inadequado de células fagociticas mononucleares,
tais como a esclerose multipla (HENDRIKS et al., 2005) e a artrite
reumatoide (PANAYI, 1993).
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