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RESUMO

Nanoparticulas magnéticas funcionalizadas com acido meso-2,3-
dimercaptosuccinico (NPMs-DMSA) consistem de uma nova e promissora estratégia
para o carreamento de farmacos ao pulmdo. A migragdo transendotelial de
leucécitos no pulmé&o é um efeito adverso da adiministragdo endovenosa das NPMs-
DMSA. Por meio da analise citolégica e fenotipica de células do lavado bronco-
alveolar de camundongos, nés identificamos que mondcitos/macrofagos constitutem
a principal sub-populacdo de leucdécitos envolvida nesse processo. Além disto, a
analise ultraestrutural revelou a presenca de nanoparticulas dentro de numerosos
macréfagos provenientes do lavado bronco-alveolar. NPMs-DMSA na concentragéo
tdo alta quanto 1x10' nanoparticulas/mL n3o ocasionaram efeito téxico em
macréfagos, como evidenciado pelo ensaio do brometo de 3-(4,5-dimetiltiazolil-2)-
2 5-difeniltetrazolium (MTT). Notadamente, NPMs-DMSA aumentam os nivéis de
expressao do mRNA da E-, L- e P-selectina e do antigeno macrofagico-1 no pulméo
de camundongos. O aumento dos niveis de expressao dessas moléculas de adeséao
foi associado com o aumento na concentracdo do fator de necrose tumoral-a.
Finalmente, o papel critico da via integrina-B2 dependente na migragéo
transendotelial induzida pelas NPMs-DMSA foi demonstrado por meio de animais
nocaute. Nossos resultados caracterizam o mecanismo pro-inflamtério promovido
pelas NPMs-DMSA no pulméo; e apontam intervencbes alvejando a integrina-2
como uma promissora estratégia para previnir ou atenuar a toxicidade das NPMs-

DMSA no pulmao durante aplicagées biomédicas.



ABSTRACT

Magnetic nanoparticles surface-functionalized with meso-2,3-dimercaptosuccinic acid
(MNPs-DMSA) constitute an innovative and promising approach for delivery of
therapeutic drugs in the lung. Transendothelial migration of leukocytes in the lung is
a side effect of endovenous administration of MNPs-DMSA. Using cytologic and
phenotypic analysis of murine bronchoalveolar lavage cells, we identified
monocytes/macrophages as the main sub-population of leukocytes involved in this
process. Moreover, ultrastructural analysis revealed the presence of nanoparticles
inside of numerous macrophages from bronchoalveolar lavage. MNPs-DMSA at
concentrations as high as 1x10'"® nanoparticles/mL had no toxic effects on
macrophages, as evidenced by 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium
bromide (MTT) assay. Notably, MNPs-DMSA up-regulated the mRNA expression of
E-, L- and P-selectin and macrophage-1 antigen in the murine lung. Upregulation of
these cell adhesion molecules was associated with an increased concentration of
tumor necrosis factor-a in lung. Finally, the critical relevance of the B2 integrin-
dependent pathway in leukocyte transmigration elicited by MNPs-DMSA was
demonstrated by use of knockout mice. Our results characterize mechanisms of the
pro-inflammatory effects of MNPs-DMSA in the lung, and identify B2 integrin targeted
interventions as promising strategies to prevent or attenuate pulmonary side effects

of MNPs-DMSA during biomedical applications.
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1 INTRODUCAO

1.1 Fluidos magnéticos

Os fluidos magnéticos, também conhecidos como ferrofluidos, sé&o
suspensdes constituidas de nanoparticulas magnéticas dispersas em um solvente
carreador organico ou inorganico (GOETZE et al., 2002; MORAIS et al., 2006). As
nanoparticulas magnéticas podem ser sintetizadas a partir de varias ferritas cubicas,
cuja composicdo geral € M*?Fe,04, onde 0 M representa um metal que pode ser
cobalto, magnetita, maguemita, manganés, niquel ou zinco, entre outros (SUN et al.,
2004). Dentre esses, nanoparticulas de maguemita (y-Fe,O3), com tamanho entre 4
e 15 nm, sao frequentemente utilizadas para a obtencdo de suspensdes coloidais
estaveis em meio fisioldgico (SUN et al., 2004; MORAIS et al., 2006; MCBAIN et al.,
2008).

Além do tamanho das nanoparticulas, a estabilidade dos fluidos magnéticos
esta relacionada com a presenca de interacdes repulsivas entre as nanoparticulas
magnéticas que evitam a formacao de aglomeragdes. Tais interagdes podem ser
obtidas com o controle da carga elétrica presente na superficie das nanoparticulas
magnéticas e/ou cobertura das mesmas com longas cadeias de moléculas organicas
(ODENBACH, 2004; PETTIBONE et al., 2008). Estas moléculas, conhecidas como
surfactantes, evitam o contato entre as nanoparticulas magnéticas, mantendo a
suspensao recém sintetizada estavel por anos (ODENBACH, 2004; MORAIS et al.,
2006). Sao exemplos de surfactante: acido citrico, acido poliaspartico, dextran e

acido meso-2,3-dimercaptosuccinico (DMSA), entre outros.
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Nos fluidos magnéticos, a interagdo da nanoparticula magnética com o liquido
carreador é forte o bastante para que o comportamento magnético das
nanoparticulas seja transmitido a suspensdo como um todo (MORAIS et al., 2006).
Esta propriedade, juntamente com o fato da camada molecular estabilizante permitir
que outros agentes, como, por exemplo, anticorpos ou quimioterapicos, sejam
associados as nanoparticulas magnéticas, tem despertado o interesse de varios
centros de pesquisa no que se refere ao emprego de tais suspensdes para o
diagnostico e tratamento de patologias (PANKHURST et al., 2003).

Nesse sentido, diversos estudos tém demonstrado a aplicabilidade dos fluidos
magnéticos na condugdo de farmacos a alvos especificos no organismo,
empregando-se magnetos externos (MAINARDES; SILVA, 2004). Ja com a
associagao dos fluidos magnéticos a hipertermia, uma nova modalidade terapéutica
estda sendo desenvolvida, a magnetohipertermia. Nessa terapia um campo
magnético € utilizado para induzir a vibragcdo das nanoparticulas magnéticas e, por
conseguinte, 0 aumento da temperatura leva a lise e morte da célula alvo (ITO et al.,
2004). Um outro emprego dos fluidos magnéticos € na magnetoforese, processo
pelo qual ocorre a separagdo de células por meio de um campo magnético
(CLEMENT et al., 2006). Os fluidos magnéticos estdo sendo utilizados ainda como
agentes de contraste em exames de imagem por ressonancia magnética
(CUNNINGHAM et al., 2005), e para detecgdo de células tumorais circulantes

(GALANZHA et al., 2009).
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1.2 Fluido magnético contendo nanoparticulas magnéticas recobertas com

DMSA

Na diversidade de suspensbes desenvolvidas até o momento, o fluido
magnético contendo nanoparticulas magnéticas funcionalizadas com DMSA (NPMs-
DMSA) ganhou destaque devido ao seu comportamento bioldgico de carater érgao-
especifico, conforme relatado por Chaves e colaboradores (2005) e Garcia e
colaboradores (2005). Estes autores demonstraram, por meio de microscopia de luz
e ressonancia magnética, que as NPMs-DMSA se distribuem preferencialmente para
0 pulmao, no periodo de até 24 horas apds a sua administragcdo endovenosa,
podendo, desta maneira, ser utilizada para diferentes aplicagdes biomédicas no
6rgao em questdao (CHAVES et al., 2005; GARCIA et al., 2005).

No entanto, também tem sido relatado que a presengca das NPMs-DMSA no
pulmédo desencadeia um quadro inflamatorio leve caracterizado pela migracao
transendotelial de leucocitos dos vasos sanguineos para o parénquima pulmonar
(AZEVEDO et al., 2005; CHAVES et al., 2005). Aliado a isto, Garcia e colaboradores
(2005), avaliando os efeitos subcrénicos e cronicos das NPMs-DMSA no periodo de
até 90 dias apds a sua administracdo endovenosa, relataram que a migracado dos
leucocitos pode se estender pelo parénquima pulmonar e alcancgar o epitélio de
alvéolos e bronquios.

E bem estabelecido na literatura que o acumulo de leucécitos nos
compartimentos extra-vasculares do pulmao pode causar lesao tecidual devido a
liberagdo de substancias toxicas, tais como proteases e espécies reativas de
oxigénio, resultando no desenvolvimento de quadros patoldégicos ou ainda

contribuindo para o agravamento de doencgas ja estabelecidas (GUO; WARD, 2002).
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No pulmdo, a migragao transendotelial esta relacionada com a patogenia de
doencas inflamatérias, como, por exemplo, a asma, a bronquite aguda e a doencga
pulmonar obstrutiva crénica (DPOC) (BLOEMEN et al., 1997; DOERSCHUK, 2000;
HAMID et al., 2003). Outras condi¢des, ainda menos favoraveis, apresentam um alto
indice de mortalidade, nao tendo sido desenvolvido, at¢ o momento, um tratamento
especifico para as mesmas. Dentre estas uUltimas pode-se citar a lesdo pulmonar
aguda (LPA) e a sindrome da angustia respiratéria aguda (SARA) (O'BYRNE;
POSTMA, 1999; SETHI; WAXMAN, 2001; GUO et al., 2002; ABRAHAM, 2003).

De particular interesse para o presente estudo, o acumulo de leucécitos nos
compartimentos extra-vasculares do pulmao reflete um efeito adverso causado pelas
NPMs-DMSA a modelos animais (AZEVEDO et al., 2005; CHAVES et al., 2005;
GARCIA et al., 2005), o que poderia contra-indicar a utilizagao de tais nanoparticulas
em seres humanos. Assim, embora as NPMs-DMSA fornega condicbes desejaveis
para o seu emprego para o diagndstico e tratamento de patologias no pulmao,
investigagdes adicionais se fazem necessarias para o estabelecimento de
estratégias que possam minimizar os efeitos toxicos advindos de sua administragéo
no organismo. Para tanto, é de fundamental importédncia conhecer os fatores

enddgenos envolvidos na migragao transendotelial dos leucdcitos no pulméao.

1.3 Migracéao transendotelial

Migracdo transendotelial é o termo utilizado para se referir ao conjunto de
etapas que resultam na saida dos leucécitos circulantes dos vasos sanguineos para
o parénquima tissular (LIU et al., 2004; MARTIN; FREVERT, 2005; NOURSHARGH,;

MARELLI-BERG, 2005). A migragédo transendotelial dos leucdcitos pode ocorrer
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tanto em condigbes fisioldgicas normais quanto na presenga de um estimulo
inflamatdério (BURNS et al., 2003); e embora existam diferentes tipos de células
leucocitarias, as quais, por sua vez, sado classificadas em 2 grupos: mononucleares
(linfocitos e mondcitos/macrofagos) e polimorfonucleares (neutréfilos, eosindfilos e
basdfilos), todos os leucécitos migram dos vasos sanglineos para o parénquima

tissular por meio de um mecanismo semelhante (WAGNER; ROTH, 2000).

1.4 Mecanismo geral da migragéo transendotelial

O comportamento das células leucocitarias durante a migragao transendotelial
foi amplamente avaliado in vivo, em vénulas pds-capilares localizadas na circulacao
sisttmica, e em modelos experimentais in vitro, utilizando células endoteliais
derivadas das grandes veias (LIU et al., 2004; MARTIN; FREVERT, 2005;
NOURSHARGH; MARELLI-BERG, 2005). A partir destes experimentos tornou-se
possivel estabelecer um mecanismo geral; o qual serve de base para o estudo da
migragdo transendotelial dos leucdcitos nas diferentes regides do organismo
(DOERSCHUK, 2000; WAGNER; ROTH, 2000; BURNS et al., 2003).

Quatro etapas distintas podem ser observadas durante a migracéo
transendotelial dos leucécitos (Figura 1). Sao elas: (1) marginagdo, onde os
leucdcitos assumem uma posigao periférica ao longo da superficie das células
endoteliais; (2) captura e rolamento, onde ocorre a adeséo transitéria dos leucocitos
ao endotélio; (3) adesdo, onde ocorre a firme unido dos leucdcitos as células
endoteliais; e (4) diapedese, onde ocorre a passagem dos leucécitos por entre as
células endoteliais em direcdo ao parénquima tissular (LUSCINSKAS et al., 2002;

BURNS et al., 2003; SIMON; GREEN, 2005).
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Figura 1. Representagao esquematica das etapas observadas durante a migragéo transendotelial dos
leucocitos. A) Marginagdo; B) Captura e rolamento; C) Adesao; D) Diapedese. Com excegcdo da
marginagao (A), todas as demais etapas da migracao transendotelial (B-D) sdo ocasionadas a partir
de sucessivas interagdes celulares mediadas pela expressdo de CAMs localizadas na superficie dos
leucocitos e das células endoteliais.

Com excegao da marginagédo, que € originada a partir de mudangas nas
condicbes hemodindmicas da circulagcdo sanguinea (DOERSCHUK, 2000;
WAGNER; ROTH, 2000), todas as demais etapas da migragao transendotelial, ou
seja, captura e rolamento, adesdo e diapedese, sdo ocasionadas a partir de
sucessivas interacdes celulares, as quais, por sua vez, sao mediadas pela
expressao de moléculas de adesao celular (CAMs) localizadas na superficie dos
leucécitos e/ou das células endoteliais, assim como de seus ligantes (LUSCINSKAS

et al.,, 2002; BURNS et al., 2003; SIMON; GREEN, 2005).

1.5 CAMs envolvidas na migracao transendotelial

As CAMs sao moléculas expressas na superficie celular que atuam como

mediadores da adesado célula-célula e célula-matriz extracelular (ALBERTS et al.,

2002). Além disto, existem evidéncias de que, durante a migragao transendotelial,
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essas moléculas funcionam como co-estimuladores da ativacdo leucocitaria
(WAGNER; ROTH, 2000; SIMON; GREEN, 2005). As CAMs apresentam-se
divididas, conforme a similaridade estrutural e funcional, em cinco grupos: caderinas,
mucinas, familia das selectinas, familia das integrinas e superfamilia das
imunoglobulinas (ALBERTS et al.,, 2002; SIMON; GREEN, 2005). As principais
CAMs envolvidas no processo de migragao transendotelial dos leucécitos pertencem
as familias das selectinas e integrinas e a superfamilia das imunoglobulinas; e seus
nivéis de expressdo no pulméo podem ser regulados por citocinas, tais como a
interleucina-10 (IL-10, anti-inflamatéria) e o fator de necrose tumoral-a (TNF-a, pré-
inflamatdria) (LO et al., 1992; MULLIGAN et al., 1993; INOUE 2000; O'DEA et al.,

2005).

1.5.1 Familia das selectinas

As selectinas sdo proteinas transmembrana de cadeia uUnica que contém um
dominio extracelular amino-terminal (N-terminal) do tipo lectina (BARKHAUSEN et
al.,, 2005; SIMON; GREEN, 2005). A familia das selectinas é formada por trés
membros: E-, L- e P-selectina, denominados de acordo com a célula onde foram
identificados pela primeira vez, ou seja, células endoteliais (E-selectina), linfécitos (L-
selectina) ou plaquetas (P-selectina) (WAGNER; ROTH, 2000; BARKHAUSEN et al.,
2005).

As selectinas s&o encontradas exclusivamente em células relacionadas com a
fisiologia vascular:

a) E-selectina é sintetizada e expressa de forma transitéria no endotélio vascular

apos a estimulagdo das células endoteliais (WAGNER; ROTH, 2000). O nivel
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maximo de expressao da E-selectina é atingido entre 4 e 6 horas apds o estimulo, o
qual € mantido por cerca de 48 horas e em seguida diminui progressivamente até
desaparecer apés 72 horas (AZUMA et al., 2000; BARKHAUSEN et al., 2005);

b) L-selectina é encontrada nas microvilosidades de todos os leucdcitos, exceto na
subpopulacdo de linfécitos T de memodria; e € a Unica selectina expressa
constitutivamente na superficie celular (BARKHAUSEN et al., 2005). Apés a ativagao
leucocitaria, a maior parte da L-selectina é liberada para o meio externo, por meio de
clivagem proteolitica, dando origem a uma forma soluvel dessa molécula, a qual
permanece livre no plasma sanguineo (WAGNER; ROTH, 2000);

b) P-selectina € armazenada nos granulos-a das plaquetas e em vesiculas intra-
citoplasmaticas das células endoteliais, as quais sdo conhecidas como corpusculos
de Weibel-Palade; sendo transportada, em poucos minutos e de forma transitéria,
desde os granulos secretores até a superficie celular, apés a ativacdo do endotélio
(WAGNER; ROTH, 2000).

As selectinas reconhecem e se unem, por meio do dominio lectina, a diversos
carboidratos, o0s quais se encontram usualmente conjugados a proteinas
transmembrana presentes na superficie das células endoteliais (L-selectina) ou
leucocitarias (E- e P-selectina) (BARKHAUSEN et al.,, 2005). A interacdo das
selectinas com os seus ligantes é de afinidade relativamente baixa (SIMON;
GREEN, 2005). Isto ocasiona a unido dos leucdcitos a parede vascular (captura) e,
ao mesmo tempo, permite que essas células rolem ao longo do endotélio
(rolamento), impulsionadas pelo fluxo sanguineo (WAGNER; ROTH, 2000;
ALBERTS et al.,, 2002). Tais eventos compreendem uma das etapas iniciais da
migracao transendotelial dos leucécitos, a qual é chamada de captura e rolamento,

como citado anteriormente. Nessa etapa, o intimo contato com as células endoteliais
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possibilita aos leucdcitos encontrar fatores de ativagao especificos, os quais, por sua
vez, induzem sua firme unido e posterior diapedese (BARKHAUSEN et al., 2005;
SIMON; GREEN, 2005). Em caso da auséncia desses fatores de ativacdo, os
leucocitos perderdo o contato com as células endoteliais e voltardo a corrente

sanguinea (WAGNER; ROTH, 2000).

1.5.2 Familia das integrinas

As integrinas compreendem um amplo grupo de moléculas heterodiméricas
constituidas por duas subunidades polipeptidicas transmembrana denominadas
como cadeias B e a (HYNES, 2002). A familia se subdivide em diversas subfamilias
dependendo da cadeia 3 que a constitui (HYNES, 2002; SIMON; GREEN, 2005). Ao
todo 24 heterodimeros de integrinas, formados por 8 tipos de cadeia 3 e 18 tipos de
cadeia a, ja foram identificados e novos tipos estdo ainda sendo descobertos
(LUSCINSKAS; LAWLER, 1994; WAGNER; ROTH, 2000; SIMON; GREEN, 2005).
De particular interesse para este estudo, a subfamilia 1 consiste de uma cadeia
B1(integrina-B1) ligada a uma das seguintes cadeias: a1, a2, a3, a4, a5, a6, a7, a8,
a9, a10, a11 ou aV (LUSCINSKAS; LAWLER, 1994); enquanto que a subfamilia 32
consiste de uma cadeia B2 (integrina-B2) ligada a cadeia aL (LFA-1: antigeno
associado a fungao leucocitaria-1), aM (Mac-1: antigeno macrofagico-1), aX (gp
150,95: glicoproteina 150,95) ou aD (B2aD) (HYNES, 2002). Apesar da maior parte
das cadeias B e a das integrinas corresponderem a antigenos de diferenciagao
leucocitaria, somente as integrinas da subfamilia B2 sdo usualmente designadas

com a nomenclatura correspondente a tais antigenos, assim temos: 2= CD18, alL=
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CD11a, aM= CD11b, aX= CD11c e aD= CD11d (LUSCINSKAS; LAWLER, 1994,
SIMON; GREEN, 2005).

As integrinas da subfamilia 1 sdo encontradas na maioria das células do
organismo (LUSCINSKAS; LAWLER, 1994; HYNES, 2002). No que se refere as
células leucocitarias, as integrinas de B1a1 a f1a6 sdo encontradas nos linfocitos,
onde aumentam os niveis de expressao dias apds a sua ativagao e, por esta razao,
também sdo conhecidas como antigeno muito tardio (VLA), assim temos: B1al=
VLA-1, B1a2= VLA-2, B1a3= VLA-3, B1a4= VLA-4, B1a5= VLA-5 e B1a6= VLA-6
(LUSCINSKAS; LAWLER, 1994). A integrina VLA-4 também é encontrada em
eosindfilos, mondcitos e neutréfilos (TASAKA et al., 2002; YUSUF-MAKAGIANSAR
et al., 2002). Ja as integrinas da subfamilia 32 s&o encontradas exclusivamente nas
células leucocitarias; sendo que a integrina LFA-1 é encontrada principalmente em
linfocitos, enquanto que as integrinas Mac-1, gp 150,95 e 32aD s&o encontradas em
todos os tipos de leucdcitos (WAGNER; ROTH, 2000; HYNES, 2002).

Embora sejam expressas constitutivamente na superficie celular, as integrinas
da subfamilia B1 e B2 precisam ser ativadas para interagir com seus ligantes
(HYNES, 2002). Tal ativacado é caracterizada por uma mudanca na forma dessas
integrinas, expondo os seus dominios de ligacado localizados nas cadeias B e q,
tornando-as capazes de interagir com seus ligantes (WAGNER; ROTH, 2000).

Ao contrario das selectinas, as integrinas das subfamilias f1 e 2 interagem
fortemente com seus ligantes localizados nas células endoteliais (SIMON; GREEN,
2005). Este fato resulta na firme unido dos leucdcitos a parede vascular, dando
origem a uma outra etapa do processo de migragao transendotelial, a qual é
chamada de adesdo, como citado anteriormente (BURNS et al., 2003; SIMON;

GREEN, 2005). As integrinas da subfamilia 2 tém sido descritas como as principais
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moléculas que participam da adesao dos leucdcitos ao endotélio durante a migragao
transendotelial. Talvez a maior evidéncia desse envolvimento seja uma sindrome
conhecida como deficiéncia de adesao leucocitaria-1 (LAD-1), onde a presenga de
uma variedade de mutagbes na cadeia B2 das integrinas evita a formagédo de
heterodimeros. Por conseguinte, as integrinas da subfamilia 32 estdo ausentes ou
em quantidades inferiores a 10% nos leucécitos. Tal sindrome estd associada a
inabilidade das células leucocitarias se aderirem firmemente a parede dos vasos
sanguineos e, desta maneira, 0 acumulo de leucdcitos nos sitios de migracéo reduz
significativamente. Individuos portadores dessa condigdo sofrem repetidas infec¢des

bacterianas, as quais podem levar até mesmo a morte (HAWKINS et al., 1992).

1.5.3 Superfamilia das imunoglobulinas

A superfamilia das imunoglobulinas compreende uma variedade de proteinas
de membrana de cadeia Unica que contém um ou mais dominios com caracteristicas
semelhantes as imunoglobulinas (BURNS et al., 2003; SIMON; GREEN, 2005).
Fazem parte desta superfamilia uma variedade de CAMs que participam da
migracao transendotelial dos leucdcitos, as quais s&o conhecidas como molécula de
adesao intercelular (ICAM)-1, -2 e -3, molécula de adeséo celular vascular-1 (VCAM-
1), molécula de adesao celular dirigida a mucosa-1 (Mad-CAM-1) e molécula de
adeséo plaqueta-célula endotelial-1 (PECAM-1). ICAM-1, -2 e -3, VCAM-1 e Mad-
CAM-1 séo ligantes para CAMs pertencentes as familias das selectinas ou
integrinas. Ja a PECAM-1 funciona como seu proprio ligante, uma vez que é capaz
de realizar interagdes de carater homofilico expressas em outras células (WAGNER;

ROTH, 2000).
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No que se refere a distribuicdo, a ICAM-1 é expressa constitutivamente nos
leucécitos e nas células endoteliais e epiteliais, incluindo a superficie apical dos
pneumocitos que recobrem os alvéolos pulmonares (BURNS et al., 2003; ZEN;
PARKOS, 2003). A VCAM-1 é encontrada, também de forma constitutiva, nas
células endoteliais e em algumas células dendriticas (WAGNER; ROTH, 2000).
Ambas ICAM-1 e VCAM-1 apresentam baixos niveis de expressdao em condicoes
fisiol6gicas normais, porém sao sintetizadas apés a estimulagao (WAGNER; ROTH,
2000; BURNS et al., 2003). A ICAM-2 ¢é expressa em alguns leucdcitos, nas células
endoteliais e nas plaquetas; e seus niveis de expressdo nao se alteram apds a
estimulagao celular (SIMON; GREEN, 2005). A ICAM-3 é encontrada em todos os
leucocitos e nas células endoteliais (SIMON; GREEN, 2005). A PECAM-1 é
expressa constitutivamente nos leucdcitos, nas células endoteliais e nas plaquetas.
Nas células endoteliais, a PECAM-1 esta localizada principalmente nas regides
proximas as juncdes celulares, onde atua mediando a passagem dos leucécitos por
entre as células endoteliais (etapa de diapedese), durante o processo de migragao

transendotelial (WAGNER; ROTH, 2000; BURNS et al., 2003).

1.6 CAMs e a migracéo transendotelial no pulmé&o induzida pelas NPMs-DMSA

As CAMs envolvidas no processo de migragéo transendotelial dos leucdcitos
no pulmdo sempre interessaram a comunidade cientifica, ndo apenas para o
esclarecimento do evento em si, mas na esperanga de utilizar tal informacao na
prevencdo e tratamento de patologias. Neste sentido, em um recente estudo
realizado por nosso grupo, onde foram avaliados o padrdao de expressao de CAMs

nos periodos de 4 e 12 horas apds a administracao endovenosa de NPMs-DMSA em



Introducéo - 14

camundongos, observou-se que tais nanoparticulas modularam o padrdao de
expressao de selectinas (E-selectina) e integrinas (Mac-1 e LFA-1) nos diferentes
compartimentos da vascularizagdo pulmonar (capilar, veia e vénula) (VALOIS et al.,
2009). Estes resultados séo fortes indicios de que um possivel mecanismo pelo qual
as NPMs-DMSA promove a atividade migratéria de leucécitos no pulméo é baseado
na sua habilidade de modular a expressao de CAMs nas células leucocitarias e/ou
endoteliais. A confirmagado dessa hipotese poderia resultar no desenvolvimento de
novas estratégias para minimizar a potencial toxicidade das NPMs-DMSA no pulmao

durantes aplica¢des biomédicas.
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2 Objetivo

2.1 Objetivo geral

Considerando a literatura pertinente, este trabalho tem como objetivo estudar
a migracao transendotelial dos leucécitos no pulméo de camundongos tratados com

NPMs-DMSA,; e sua interrelacdo com as moléculas de adesao celular.

2.2 Objetivos especificos

a) Avaliar a cinética da atividade migratéria induzida pelas NPMs-DMSA,;

b) Determinar a(s) sub-populacdo(6es) de leucécitos que participam desse

processo;
c) Avaliar a citotoxicidade das NPMs-DMSA em leucécitos;

d) Quantificar o nivel de expressdo do mRNA das CAMs: E-, L- e P-selectina, LFA-
1, Mac-1, VLA-4 e VCAM-1, durante o transcurso da migragdo transendotelial no

pulméo apds a administracdo das NPMs-DMSA,;
e) Analisar o efeito das NPMs-DMSA na producdo das citocinas IL-10 e TNF no
pulmé&o;

f) Estabelecer uma possivel correlagdo entre a expressdo de uma ou mais CAMs,
com o intuito de identificar a via que leva a atividade migratdria induzida pela

administragdo das NPMs-DMSA.
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Magnetic nanoparticles surface-functionalized with meso-2,3-dimercaptosuccinic acid (MNPs-DMSA)
constitute an innovative and promising approach for tissue- and cell-targeted delivery of therapeutic drugs
in the lung. Transendothelial migration of leukocytes in the lung is a side effect of endovenous adminis-
tration of MNPs-DMSA. Using cytologic and phenotypic analysis of murine bronchoalveolar lavage cells, we
identified monocytes/macrophages as the main subpopulation of leukocytes involved in this process.

Iée)l/lw%r}clis: . Moreover, ultrastructural analysis revealed the presence of nanoparticles inside of numerous macrophages
Inetegarinesmn from bronchoalveolar lavage. MNPs-DMSA at concentrations as high as 1 x 10'> nanoparticles/mL had no
Leukocyte toxic effects on macrophages, as evidenced by 3-(4, 5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium

Lung bromide (MTT) assay. Notably, MNPs-DMSA up-regulated the mRNA expression of E-, L- and P-selectin and
Nanoparticle macrophage-1 antigen in the murine lung. Upregulation of these cell adhesion molecules was associated
Selectin with an increased concentration of tumor necrosis factor-o in lung. Finally, the critical relevance of the 3,
integrin-dependent pathway in leukocyte transmigration elicited by MNPs-DMSA was demonstrated by
use of knockout mice. Our results characterize mechanisms of the pro-inflammatory effects of MNPs-
DMSA in the lung, and identify B, integrin-targeted interventions as promising strategies to reduce

pulmonary side effects of MNPs-DMSA during biomedical applications.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, magnetic nanoparticles (MNPs) have gained
growing importance as materials for drug delivery systems. MNPs
consist of a superparamagnetic iron-oxide core embedded in a coat
that allows the conjugating of MNPs surface with drug molecules
[1]. The efficiency of clinical treatment based on MNPs depends
upon the ability of these particles to accumulate at specific sites in
the body. MNPs surface-functionalized with meso-2,3-dimercap-
tosuccinic acid (MNPs-DMSA) present preferential distribution for
the lung from 5 min up to 24 h after intravenous administration [2].
This target specificity of MNPs-DMSA offers a unique property
which may be successfully exploited for the treatment of lung
diseases, in that comparably high doses of drugs can be delivered to
the lung without increasing side effects in extrapulmonary organs

* Corresponding author. Tel./fax: +55 61 3349 6167.
E-mail address: razevedo@unb.br (R.B. Azevedo).

0142-9612/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2009.09.053

[3]. However, MNPs-DMSA cause transendothelial migration of
leukocytes from blood vessels into the lung parenchyma or airspace
[4-6]. Leukocyte accumulation in the extravascular compartments
of the lung may cause tissue injury by excessive release of toxic
substances, including proteases and reactive oxygen species [7,8],
and thus constitutes a potentially harmful side effect of MNPs-
DMSA in the lung during clinical applications.

The mechanisms underlying the transendothelial migration of
leukocytes in the lung have previously been investigated in
numerous studies. This process involves the interaction of different
cell adhesion molecules, including selectins, integrins and members
of the immunoglobulin superfamily [9-12]. Selectins (E-, L- and
P-selectin) are a family of transmembrane molecules that mediate
initial capture and rolling of leukocytes along the vascular wall
[13,14]. The integrins are a large family of heterodimeric cell surface
receptors consisting of an ¢- and a f-subunit, which are grouped in
distinct subfamilies based on B-subunit utilization [15]. During
transendothelial migration, members of the 3, integrins subfamily,
in particular o 3; integrin (leukocyte function associated antigen-1,
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LFA-1) and oy, integrin (macrophage-1 antigen, Mac-1), mediate
firm adhesion of leukocytes to the endothelium as a prerequisite for
subsequent leukocyte diapedesis into the parenchyma [9,13,14].
However, depending on the initial inflammatory stimulus, trans-
endothelial migration of leukocytes into the lung may also occur by
B2 integrin-independent pathways, which in part depend upon
members of the B integrins subfamily, namely the interaction of
a4B1 (very late antigen-4, VLA-4) with its ligand vascular cell
adhesion molecule-1 (VCAM-1) of the immunoglobulin superfamily
[16-18]. By regulating the expression levels of various cell adhesion
molecules, cytokines, such as interleukin-10 (IL-10) and tumor
necrosis factor-o. (TNF-a)) play pivotal roles in the regulation of
transendothelial leukocyte migration [19-22].

In a recent study we proposed that a possible mechanism by
which MNPs-DMSA induce transendothelial migration of leukocytes
into the lung is based on their ability to modulate the expression of
cell adhesion molecules on leukocytes and lung vascular endothelial
cells [6]. In order to test this hypothesis in the present study, we first
analyzed the time profile of leukocyte migration into the airspaces
following MNPs-DMSA administration and the subpopulation of
leukocytes involved in this process. Next, we determined the effect of
MNPs-DMSA on the release of inflammatory cytokines and the
expression of three classes of cell adhesion molecules. Based on
these data, we finally identified the adhesion molecule pathway by
which MNPs-DMSA elicit leukocyte transmigration by use of
knockout mice.

2. Materials and methods
2.1. Materials

All chemicals employed in the present study were of analytical grade, used
without further purification and purchased from either Carlo Herba (Milan, Italy),
Electron Microscopy Sciences (Hatfield, USA), Invitrogen (Rockville, USA), Merck
(Rio de Janeiro, Brazil), Synth (Diadema, Brazil), Newprov (Pinhais, Brazil) or Sigma
(St. Louis, USA). Flow cytometry antibodies were obtained from eBioscience (San
Diego, USA). Elisa kits were obtained from BD Biosciences (San Diego, USA). Primers
were synthesized by Integrated DNA Technologies (Coralville, USA).

2.2. Preparation of magnetic nanoparticles

MNPs-DMSA were prepared as previously described [23,24]. Briefly, magnetite
(Fe304) nanoparticles were synthesized by mixing ferric and ferrous chloride
aqueous solutions (2:1 molar ratio) with concentrated ammonia aqueous solution
under vigorous stirring. Five mL of DMSA aqueous solution (0.3 mol/L) was added to
25 mL of magnetic suspension in a molar ratio DMSA/Fe of 11%. NaCl was added to
the suspension to reach final salinity concentration of 0.9% wt/v. The pH was
adjusted to the range of 7.2-7.4.

2.3. Characterization of magnetic nanoparticles

Electron micrographs were obtained with a Jeol 1011 transmission electron
microscope (Jeol, Tokyo, Japan). X-ray powder diffraction (XRD) data were collected
by a XRD-6000 diffractometer (Shimadzu, Kyoto, Japan). The average diameter of the
nanocrystalline domain (d) was estimated using the Scherrer’s equation [25]. Atomic
absorption spectrophotometry was conducted by a commercial Perkin-Elmer 5000
system (Perkin-Elmer, Norwalk, USA). Diffuse Reflectance Infrared Fourier Trans-
form (DRIFT) was recorded in the range of 400-4000 cm ™' with a Fourier Transform
Infrared (FTIR) spectrophotometer (Bomem MB Series, Quebec, Canada). Zeta
potential was obtained from electrophoretic mobility (pe) measurements performed
by phase analysis light scattering using ZetaSizer Nano ZS equipment (Malvern
Instruments, Malvern, UK). The concentration of thiolale groups immobilized on the
surface of MNPs was quantified by Ellman’s reagent [5,5'-dithiobis(2-nitrobenzoic
acid)] [26].

2.4. Animals and cells

Animal experiments were carried out in 12-week-old male mice weighing 30—
35¢g from the following strains: Swiss (IQUEGO, Goidnia, Brazil), B, integrin
knockout C57BL/6 (University of Sdo Paulo, Ribeirdo Preto, Brazil) and wild-type
C57BL/6 (University of Sdo Paulo, Ribeirdo Preto, Brazil). The mice were randomly
divided into 2 groups according to treatments. Mice of the experimental group
(MNPs) received 100 pL of MNPs-DMSA suspension (dose of 7 x10'3

nanoparticles/g weight body in saline) through the tail vein. Mice of the control
group received 100 pL of saline. Alveolar macrophages were obtained by bron-
choalveolar lavage performed on 6 untreated Swiss mice. The experimental
protocols were approved by the animal care committee of the University of Brasilia
(Brasilia, Brazil).

2.5. Migration activity

2.5.1. Number of leukocytes in the bronchoalveolar lavage fluid

Cells from the bronchoalveolar space of Swiss mice (n =5 for each subgroup)
were harvested by bronchoalveolar lavage immediately after vascular perfusion.
Briefly, the trachea was exposed and a polyethylene catheter was inserted into the
trachea through an incision while PBS (1 mL) was repeatedly infused intra-
tracheally and withdrawn. Bronchoalveolar lavage fluid was centrifuged for
10 min at 500 g. The pellet was resuspended in 100 pL of PBS whereas 10 uL
aliquot was used for cell counting in a Neubauer chamber (C. A. Hausser & Son,
Philadelphia, USA).

2.5.2. Cytologic analyses

Smears from bronchoalveolar lavage cells of Swiss mice (n=5 for each
subgroup) were prepared on 1% BSA/PBS-coated slides. The cells were air-dried,
fixed with methanol and stained with a rapid Instant Prov Stain kit. Differential
cell counts were performed under oil immersion microscopy (Axioskop; Zeiss,
Oberkochen, Germany). A total of 400 cells were counted and classified as
lymphocytes, macrophages or polymorphonuclear cells (PMN) based on morpho-
logical criteria.

2.5.3. Phenotypic analysis of macrophages

Bronchoalveolar lavage cells of Swiss mice (n=5 for each subgroup) were
stained with rat anti-mouse F4/80-FITC antibody (clone BMS8), that was gated over
the leukocyte population (cells CD45-positive, clone 30-F11). Appropriate rat anti-
mouse isotype antibodies were used to set the leukocyte gate. A total of 10,000 gated
events were collected on a FACS Calibur (Becton Dickinson, San Juan, USA) and
analyzed by using Cell Quest software (Becton Dickinson, San Juan, USA).

2.6. Macrophage uptake of MNPs-DMSA

2.6.1. Transmission electron microscopy

Bronchoalveolar lavage cells of Swiss mice (n = 5 for each subgroup) were fixed
for 1 h at room temperature in a solution containing 2% (v/v) glutaraldehyde, 2%
(wt/v) paraformaldehyde and 3% (wt/v) sucrose in 0.1 m sodium cacodylate buffer
(pH 7.2). After fixation, the cells were rinsed in 0.1 m sodium cacodylate buffer
(pH 7.2) and postfixed for 1 h in a solution containing 1% (wt/v) osmium tetroxide,
0.8% (wt/v) potassium ferricyanide and 5 mm CaCl; in sodium cacodylate buffer
(pH 7.2). The cells were dehydrated and embedded in Spurr resin. Ultra-thin
sections were collected and examined with a Jeol 1011 transmission electron
microscope (Jeol, Tokyo, Japan).

2.6.2. In vitro cytotoxicity

Macrophages from bronchoalveolar lavage of Swiss mice were incubated with
culture medium [Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with
NaHCOs3 (3.7 g/L), penicillin (100 U/mL), streptomycin (100 pg/mL) and 10% fetal calf
serum] containing MNPs-DMSA in increasing concentrations (1 x 10>-1 x 10"
nanoparticles/mL of culture medium) and the control. Cell viability was determined
by 3-(4, 5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) assay [27].
The absorbance was measured at 570 nm using a microplate reader (Bio-Rad,
Hercules, USA). Cell growth was expressed as percentage of control using the
absorbance values of 6 replicates from 3 independent experiments.

2.7. Cell adhesion/emigration pathway

2.7.1. Cell adhesion molecule expression

The lungs of Swiss mice (n =5 for each subgroup) were homogenized in 1 mL of
TRIzol, DNase treated and converted to cDNA. Expression of cell adhesion molecules
was determined by real-time polymerase chain reaction (PCR) using a Rotor Gene-
3000 equipment (Corbett Research, Mortlake, Australia) and with Sybr Green
(1000x diluted) as the fluorescent dye. Primer sequences, annealing temperature
and products amplified are shown in Table 1. Quantification of gene expression was
carried out as described by Liu and Saint [28], using the glyceraldehyde 3-phosphate
dehydrogenase (G3PDH) gene as internal control. Amplification efficiency was
calculated as described by Ramakers and colleagues [29].

2.7.2. Cytokine levels

The concentrations of IL-10 and TNF-a in lung homogenate supernatants of
Swiss mice (n =5 for each subgroup) were determined using commercially available
enzyme-linked immunosorbent assay (ELISA) kits following the instructions of the
manufacturer.
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Table 1

Primer sequences used for quantitative real-time PCR.

CRA. Valois et al. / Biomaterials 31 (2010) 366-374

Gene Primer sense Primer anti-sense TM? (°C) Amplicon size (bp)
E-selectin gcatctgggataacgagacge tgggaagacatttcatgttgcc 56 279

L-selectin aaatgtggacatgggtgggaac ccttggacttcttgttgttggg 56 90

P-selectin acgggtgttctgtaggaggeac gttgttgggctcgttgtcgg 59 205

LFA-1 tgctgaccaatacctttcgtge tgaggcaaatatgtggagcgtc 57 227

Mac-1 gcagtcatcttgaggaaccgtg catgtccacagagcaaagggag 57 174

VLA-4 gctgtttggctactcggtggtg tctectccaggceatgtctteec 60 215

VCAM-1 cagtcctgtgaacctgacctge ttccagectcgttaatcectte 56 179

Reference gene

GAPDH cggtgctgagtatgtcgtggag cacagtcttctgggtggcagtg 59 295

2 Melting temperature.

2.7.3. (2 integrin-dependent leukocyte migration 2.8. Statistical analysis

The involvement of the B, integrin-dependent pathway in the migration of
leukocytes into the airspaces following MNP-DMSA administration was assessed by
quantitative analysis of the total number of leukocytes in the bronchoalveolar lavage
fluid of wild-type and B integrin knockout C57BL/6 mice (n = 5 for each subgroup)

as described above.

Results are expressed as means and standard errors of the mean where
applicable. Statistical analysis was performed using Prism version 3.0 (GraphPad
Software Inc., San Diego, USA). Student’s unpaired t test was used to compare
2 data sets. One-way analysis of variance (ANOVA) and Tukey’s posthoc test were
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Fig. 1. (A) Schematic representation of DMSA-functionalized maghemite nanoparticles. (B) Typical transmission electron micrograph of maghemite nanoparticles (arrow). (C) XRD
analysis of maghemite nanoparticles functionalized with DMSA. The picks marked with asterisks are attributable to the presence of NaCl in the suspension. (D) DRIFT of bare and
DMSA-functionalized maghemite nanoparticles.
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used to compare multiple data sets. Statistical significance was assumed at
P <0.05.

3. Results and discussion
3.1. Characterization of magnetic nanoparticles

MNPs were synthesized by chemical co-precipitation and stable
MNPs suspension was obtained via surface coating with DMSA.
Fig. 1A shows a schematic representation of synthesized DMSA-
functionalized maghemite nanoparticles. A typical eletronmicro-
graph of the as-prepared MNPs sample given in Fig. 1B illustrates
that particles are spherical in shape and have a narrow diameter
range. These results suggest that particle synthesis resulted in
adequate morphology and size distribution. The XRD pattern of the
MNPs sample shown in Fig. 1C matches quite well with the refer-
ence pattern of maghemite according to International Center for
Diffraction Data (ICDD; PDF No. 39-1346), revealing the cubic spinel
(Fd3 m) structure. From the analysis of the 311 line the average
nanoparticles diameter was estimated to be 8.1 nm, which is well
within the required size boundaries to biomedical applications
[30]. The peaks marked with asterisks are attributable to the
presence of NaCl in the suspension, as identified according to ICDD;
PDF No. 72-1668.

The elementary analysis of the molar ratio Fe>*/Fe>+<0.03 by
atomic absorption spectrophotometry revealed the efficient oxida-
tion of nanoparticles from the magnetite phase to the maghemite
phase. Moreover, in the DRIFT spectrum of both bare (MNPs)
and DMSA-functionalized maghemite nanoparticles (DMSA-MNPs)
shown in Fig. 1D the bands observed at 642 and 584 cm™! are related
to the vibrational stretching modes characteristic of the Fe—O bonding
in tetrahedrical and octahedrical sites of maghemite, respectively
[31]. The band appearing at 1636 cm ™! in the MNPs spectrum is due to
the bending mode of water molecules, possibly due to molecules
absorbed at the surface of the bare nanoparticles. In the DRIFT spec-
trum of DMSA-MNPs the bands observed at 1594cm™' and
1380 cm™! are attributable to asymmetric and symmetric stretching
vibration of carboxilate, respectively. The presence of such bands
suggests that DMSA molecules were bound to Fe>* ions located in the
particle surface via COO~ groups [1]. As previously reported, this
surface functionalization with DMSA provides the opportunity to
target the accumulation of synthesized MNPs-DMSA specifically to
the lung [2,5].

Zeta potential is an indicator of the colloidal stability of MNPs
suspension. A higher electric charge on the surface of the MNPs-
DMSA will prevent aggregation of MNPs in solution because of the
strong repellent forces among particles [32]. In the present study,
the zeta potential value of particles in the acidic precursor magnetic
suspension was +40 mV. After functionalization with DMSA (and
adjustment of pH to 7.2) the zeta potential of MNPs decreased to
—47.7 mV. This negative charge was provided by the ionized
carboxilate and/or thiolate groups of the DMSA molecule not
bonded to MNPs surface. The high negative value of the zeta
potential after functionalization of MNPs indicates that the
synthesized MNPs-DMSA suspension has colloidal stability. From
the Ellman’s reaction the concentration of thiolale groups immo-
bilized on the surface of MNPs was estimated to be 0.10 pmol/mg of
iron. The thiolate groups provide the opportunity for further
functionalization of MNPs-DMSA with drug molecules [33].

3.2. Migration activity

While MNPs-DMSA has been shown to cause transendothelial
migration of leukocytes into the lung [4-6], the time course of this
process is still unclear. In the present study, we detected a time-
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Fig. 2. Total number of leukocytes in bronchoalveolar lavage fluid of mice. (a) P < 0.05
vs. time-matched control group and vs. all other time points within the MNPs-DMSA
group.

dependent increase in the number of leukocytes in bronchoalveolar
lavage fluid within the first 12 h after administration of MNPs-
DMSA as compared to controls (P < 0.05; Fig. 2). Thereafter, the
number of leukocytes in the bronchoalveolar lavage decreased
(P<0.05), returning to baseline values at 72 h. This temporal
profile of leukocyte emigration indicates that MNPs-DMSA
administration constituted a transient inflammatory stimulus that
abated over time e.g. by the redistribution of MNPs-DMSA'’s from
the lung to other organs as liver and spleen over time as described
previously [5,34].

Cytologic analysis of bronchoalveolar lavage cells shown in Table
2 revealed that, although there was a relative increase in the
percentage of lymphocytes after MNPS-DMSA administration,
macrophages were the predominant cellular component at all
analyzed time points. Only a few PMN were observed between 4
and 24 h after MNPs-DMSA administration. The predominance of
macrophages (over 80% at all time points investigated) was
confirmed by phenotypic analyses shown in Fig. 3A. Since macro-
phages are derived mainly from blood monocytes [35], our results
indicate that monocytes constitute the major subpopulation of
leukocytes which are recruited into the airspace following admin-
istration of MNPs-DMSA. Importantly, the presence of increased
numbers of monocytes/macrophages in the lung can cause exces-
sive tissue injury via release of inflammatory cytokines, proteolytic
enzymes and oxygen radicals [7,8]. Therefore, the increased trans-
endothelial migration of such cells, although transient, may
contribute to toxicity of MNPs-DMSA during biomedical applica-
tions in the lung.

Table 2
Cytologic analysis of bronchoalveolar lavage cells from mice treated with MNPs-
DMSA.

Analysis time (h)  Number of cells (x10%)

Total Lymphocyte  Macrophage PMN
0 1.95+0.11 0.07 £0.01 1.89+0.11 °
4 6.89+0.37 0.61+0.08 6.16+0.29 0.04+0.02
12 1498 +0.31 2414037 1249+0.26 0.12+0.02
24 11.25+033 1.17+0.11 10.02+£0.39 0.08+0.04
48 2.71+£0.15 0.174+0.02 2.53+0.17 0.06+0.06
72 2.01+0.23 0.104+0.01 1.91+024 ¢

¢ Not observed.
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Fig. 3. (A) Flow cytometric analysis of bronchoalveolar lavage cells from mice treated with MNPs-DMSA. (B) Macrophage cells were identified by the expression of F4/80 within the
leukocyte gate. (C) Representative photomicrograph of F4/80-positive cells sorted by flow cytometry.

3.3. Macrophage uptake of MNPs-DMSA

The adsorption of plasma proteins (opsonins) renders intrave-
nously administered MNPs recognizable by monocytes/macro-
phages which contribute to the elimination of such nanoparticles
from the bloodstream [30,36]. This fact raises the question whether
the observed increase in transendothelial migration of monocytes/
macrophages might be related to the clearance of intravascular
MNPs-DMSA in the lung. The ultrastructural analysis of cells
obtained from bronchoalveolar fluid after MNPs-DMSA adminis-
tration shown in Fig. 4A-C revealed the presence of nanoparticles
inside of numerous macrophages at all analyzed time points (4 and
12 h). Nanoparticles were mainly found packed within intracellular
membrane-bound compartments resembling lysosomes, suggest-
ing that MNPs-DMSA uptake occurred by endocytosis [37].

It is worth to note that macrophages with internalized nano-
particles did not shown any signs of cell damage, such as disruption

of the cell membrane or organelles [38,39]; and were similar in
ultrastructural appearance to macrophages from control mice
(Fig. 4A-C), suggesting that MNPs were not toxic to macrophages
after their uptake. This notion is further substantiated by data from
MTT assays shown in Fig. 4D, which demonstrate that MNPs-DMSA
at the concentrations tested did not induce any toxic effects on
macrophages from bronchoalveolar lavage fluid and that cell
viability remained more than 95% of control at concentration as
high as 1 x 10'® nanoparticles/mL. This finding contrasts with the
report of Sestier and collegues [40] who found that MNPs-DMSA
exhibit toxic effects on macrophages; and may be explained by the
fact that these investigators used cell lines that were not derived
from the lung, which differ functionally and phenotypically from
macrophages isolated from the bronchoalveolar lavage fluid [41]
may be more susceptible to MNPs-DMSA.

The mechanism by which MNPs-DMSA induce the extravasation
of monocytes in the lung was not addressed in the present study.
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Fig. 4. Transmission electron micrographs of bronchoalveolar lavage macrophages obtained from control mice (A), and from mice 4 h (B) and 12 h (C) after treatment with MNPs-
DMSA. ct = cytoplasm; mc = membrane-bound compartment; n = nucleus. (D) Dose-dependent effect of MNPs-DMSA on in vitro viability of macrophages. No significant differences

between groups.

Nevertheless, some hypotheses can be proposed. As previously
demonstrated in histological analyses [5], MNPs-DMSA may to cross
the endothelial barrier and reach the extravascular compartment of
the lung. The influx of MNPs-DMSA into the lung could lead to the
release of inflammatory cytokines which may attract blood mono-
cytes into the lung parenchyma and airspace. This perspective is in
agreement with the notion that a chemotactic gradient is required
for the rapid recruitment of monocytes out of the lung vascular
compartment [8]. An alternative possibility is that the emigration of
monocytes from the bloodstream could be induced by serum-
derived inflammatory factors, e.g. component of the complement
system (CCS) [36,42-44], bound to the surface of intravenously
administered MNPs-DMSA. In the latter case, the MNPs-DMSA-CCS
could induce the activation and/or synthesis of cell adhesion mole-
cules by blood monocytes, rendering them prone to transendothelial
migration. This perspective does not exclude the possibility of
a simultaneous chemotactic gradient, since the incorporation of

MNPs-DMSA-CCS complex may stimulate the release of inflamma-
tory cytokines by translocated blood monocytes. Further experi-
ments are necessary to clarify this important issue.

3.4. Cell adhesion/emigration pathway

Transendothelial migration of leukocytes into the lung may be
mediated by different classes of cell adhesion molecules. These
include E-, L- and P-selectin, the , integrins LFA-1 and Mac-1, the 34
integrin VLA-4 and the immunoglobulin-like adhesion molecule
VCAM-1 [9-12].In the present study, we used real-time PCR to assess
the effect of MNPs-DMSA on mRNA expression of cell adhesion
molecules in the murine lung. As shown in Fig. 5A, we found that
MNPs-DMSA up-regulated the mRNA expression of E-, L- and P-
selectin and Mac-1 (P < 0.05), which suggest that these cell adhesion
molecules may be involved in the process of transendothelial
migration of leukocytes induced by MNPs-DMSA in the lung.
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Interestingly, we note that mRNA expression of E-, L- and P-selectin
and Mac-1 reaches a peak at 4 h (P< 0.05, Fig. 5A), returning to
almost control values at 12 h. This is intriguing because it indicates
that the kinetics of mRNA expression for these cell adhesion mole-
cules precedes those of transendothelial migration (Fig. 2), which
peaks only after 12 h. An explanation for this apparent contradiction
is that the number of leukocytes in the bronchoalveolar lavage fluid
reflects the number of cells that has already crossed the endothelial
barrier; and thus it is likely that the peak of transendothelial
migration in fact occurs before the period of 12 h.

Upregulation of cell adhesion molecules in the lung is frequently
associated with increased levels of the pro-inflammatory cytokine
TNF-o [20,22]. In the present study we analyzed the effect of
MNPs-DMSA on TNF-« levels in the lung by ELISA as shown in Fig. 5C.
TNF-o levels were increased at 4 and 12 h after MNPs-DMSA
administration compared to control group (P < 0.05). In addition,
TNF-a level at 4 h was higher than at 12 h (P < 0.05). Increased pro-

CRA. Valois et al. / Biomaterials 31 (2010) 366-374

inflammatory activity following administration of MNPs-DMSA was
also evident as increased ratio of TNF-a over IL-10 at 4 h (P < 0.05;
Fig. 5E). Taken together, these findings are compatible with our
observation that MNPs-DMSA up-regulate the mRNA expression of
cell adhesion molecules mainly within the first 4 h after their
administration. Moreover, the increased level of IL-10 at 12h
(P < 0.05; Fig. 5D) may contribute to the relative downregulation of
cell adhesion molecules at 12 h as compared to 4 h (P < 0.05, Fig. 5A).
This notion is in agreement with previous reports [19,21] showing
that IL-10 is able to limit the induction of cell adhesion molecules in
the lung.

Integrins are cell adhesion molecules constitutively expressed
on the cell surface and also stored within intracellular vesicles
[15,45]. De novo synthesis of the integrins requires the transcrip-
tion of mRNA. In the present study, no significant change in the
mRNA levels of VLA-4 and LFA-1 as compared to control was
detected at any time point (Fig. 5A), suggesting that MNPs-DMSA
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Fig. 5. (A) mRNA expression of cell adhesion molecules in lungs of control mice and 4 and 12 h after treatment with MNPs-DMSA. (a) P < 0.05 vs. control, (b) P < 0.05 vs. MNPs-
DMSA 12 h. (B) Total number of leukocytes in bronchoalveolar lavage fluid of B2 integrin knockout and wild-type mice. (a) P < 0.05 vs. wild-type control, (b) P < 0.05 vs. MNPs-
DMSA 4 h in wild-type mice. (C-E) Cytokine levels in lungs of control mice and 4 and 12 h after treatment with MNPs-DMSA. (a) P < 0.05 vs. control, (b) P < 0.05 vs. MNPs-DMSA

12h.
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did not induce the synthesis of such cell adhesion molecules in the
lung. Transendothelial migration of leukocytes depends not only
on the number of integrins on the cell surface, but also on the
conformational state of these molecules reflecting their activation
[45]. Therefore, our results do not exclude the possibility that
MNPs-DMSA induce the activation of LFA-1 and VLA-4 constitu-
tively located on the surface of leukocytes or the translocation of
these integrins from intracellular vesicles to the plasma
membrane. In this case, both LFA-1 and VLA-4 could play a func-
tional role in the process of transendothelial migration of mono-
cytes induced by MNPs-DMSA. Supporting this perspective, we
have previously shown that MNPs-DMSA modulate the expression
pattern of LFA-1 on leukocytes located in the vascular compart-
ment of the lung [6]. Conversely, the absence of a significant
change in the mRNA expression of VCAM-1 (Fig. 5A), which is the
major endothelial cell ligand for VLA-4 [46,47], can be regarded as
an indirect indicator that VLA-4 is not involved in this process.
However, this notion does not take into account that VLA-4 may
mediate the translocation of monocytes from the bloodstream by
interacting with other ligands that were not addressed in the
present study, such as fibronectin [46,47]. This possibility should
be addressed in further investigations.

Importantly, we identified that MNPs-DMSA up-regulated the
mRNA expression of the f, integrin Mac-1, whereas no effect was
observed on the mRNA levels of the B integrin VLA-4 (Fig. 5A).
This finding raises the possibility that the transendothelial
migration of monocytes induced by MNPs-DMSA is mediated via
the B, integrin-dependent pathway. To directly address this issue,
we evaluated the effect of MNPs-DMSA on the migration of
leukocytes into the bronchoalveolar space of f, integrin
knockout mice (deficient for the B, subunit common to all B,
integrins), and wild-type controls (Fig. 5B). As compared to wild-
type mice, the recruitment of leukocytes to the airspace
following administration of MNPs-DMSA was completely blocked
in B, integrin knockout mice (P < 0.05). This finding identifies
a crucial role of the B, integrin pathway in the process of
transendothelial migration of leukocytes induced by MNPs-
DMSA in the lung. Since blockade of integrins by antibodies and/
or receptor-based antagonists can interfere with the ability of
leukocytes to extravasate in vivo [48], the above results identify
B, integrin-inhibitors as a promising therapeutic strategy to
prevent or minimize the pro-inflammatory effects of MNPs-
DMSA during biomedical applications in the lung. Indeed, the
evident pro-inflammatory effects of MNPs-DMSA [4-6] raise
concern as to their use in humans. However, we consider the
diagnostic and therapeutic potential of MNPs-DMSA so prom-
ising and broad in application that it outweighs by far this
disadvantage, provided that tools can be developed to reduce the
pro-inflammatory side effects to a minimum. For the develop-
ment of these tools, a detailed understanding of the molecular
and cellular pathomechanisms underlying the inflammatory
response is indispensable. In the present manuscript, we identify
a critical role for the P2 integrin-dependent pathway in this
scenario and propose accordingly that B2 integrin-targeted
interventions may present a promising strategy to reduce
pulmonary side effects of MNPs-DMSA.

4. Conclusion

In this study we show that MNPs-DMSA induce a transient in-
crease in transendothelial migration of leukocytes into the lung.
Monocytes/macrophages constitute the main subpopulation of
leukocytes involved in this process. The appearance of monocytes/
macrophages in the airspace coincided with the ingestion of MNPs-
DMSA, suggesting a functional relationship between the clearance of

MNPs-DMSA and the lung inflammatory response. MNPs-DMSA at
concentration as high as 1 x 10! nanoparticles/mL does not display
toxic effects on macrophage cells from bronchoalveolar lavage fluid.
Real-time PCR analyses indicated upregulation of cell adhesion
molecules of the selectin family (E-, L- and P-selectin) and the ;-
integrin Mac-1 in lungs following the administration of MNPs-DMSA,
which was associated with increased levels of the pro-inflammatory
cytokine TNF-o. Leukocyte emigration following MNPs-DMSA was
absent in B, integrin knockout mice, indicating that inhibitors of this
integrin may have potential to prevent pro-inflammatory side effects
in the lung during MNPs-DMSA medical applications.
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Figures with essential color discrimination. Fig. 1 of this article is
difficult to interpret in black and white. The full color images can be
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4 DISCUSSAO

Embora as NPMs-DMSA tenham demonstrado estimular a migracao
transendotelial dos leucécitos no pulmao (CHAVES et al., 2002; AZEVEDO et al.,
2004; GARCIA et al., 2005; VALOIS et al. 2009), o curso temporal desse processo
ainda nao foi determinado. No presente estudo nds encontramos que as NPMs-
DMSA ocasionaram um aumento progressivo no numero de leucécitos no lavado
bronco-alveolar dentro das primeiras 12 h. Em seguida, o niumero de leucdcitos no
lavado bronco-alveolar diminui significativamente até alcancar valores basais no
periodo de 72 h apds o tratamento. Esse perfil temporal de migragao leucocitaria
indica que a administragdo das NPMs-DMSA constitui um estimulo inflamatério
temporario que diminui com o tempo. Embora a natureza deste processo nao tenha
ficado clara, o0 mesmo pode ser decorrente da redistribuicio das NPMs-DMSA do
pulméo para outros 6rgaos, tais como o baco e o figado, conforme descrito
previamente (FAHLVIK et al., 1993; GARCIA et al., 2005).

No que se refere as subpopulagdes de leucocitos que participam do processo
de migracdo transendotelial induzida pelas NPMs-DMSA, andlise citolégica do
lavado bronco-alveolar revelou que, embora tenha sido observado um aumento
relativo na porcentagem de linfécitos, os macrofagos - células derivadas dos
mondocitos localizados na circulagdo sanguinea (LANDSMAN; JUNG, 2007) -
constituem a principal subpopulacdo de leucdcitos recrutada para as vias aéreas
respiratorias apos a administragdo das NPMs-DMSA. Tem sido relatado que o
numero aumentado de mondcitos/macréfagos no pulméao pode causar lesao tecidual
devido a liberagdo excessiva de citocinas inflamatdrias, enzimas proteoliticas e

radicais livres de oxigénio (LASKIN; PENDINO, 1995; ROSSEAU et al., 2000).
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Sendo assim, ainda que temporario, o aumento da migracado transendotelial dos
mondcitos/macréfagos no pulmao pode contribuir para a toxicidade das NPMs-
DMSA durante aplicagdes biomédicas no 6rgao em questao.

A adsorgao de proteinas plasmaticas a superficie das NPMs (opsonizagao)
permite que as memas sejam reconhecidas pelos mondcitos/macréfagos, os quais,
por sua vez, atuam na remogao das NPMs da circulagdo sanguinea (MORNET et
al.,, 2004; GUPTA; GUPTA, 2005). Tal fato nos conduziu a hipétese de que o
aumento da migracdo transendotelial dos mondcitos/macréfagos pode esta
relacionado ao processo de remocgao das NPMs-DMSA da vascularizagdo pulmonar.
De fato, analise ultraestrutural de macréfagos obtidos do lavado bronco-alveolar
revelou inumeras células contendo NPMs no seu citoplasma. Adicionalmente, o fato
das NPMs estarem localizadas em compartimentos intracitoplasmaticos semelhantes
a lisossomos, indica que a captura desse material nanoestruturado ocorre por meio
de endocitose (LORENZ et al., 2006). E interessante notar ainda que os macréfagos
contendo NPMs intracitoplasmaticas ndo mostraram sinais de danos celulares, tais
como rompimento de membrana plasmatica ou organelas (GUPTA; CURTIS, 2004;
LEWINSKI et al., 2008); e apresentaram ultraestrutura similar as células dos animais
controle. Conjuntamente esses resultados sugerem que as NPMs-DMSA nao sao
toxicas aos mondcitos/macrofagos apds internalizagcéo. Tal fato foi confirmado pelos
dados obtidos por meio do ensaio de MTT, onde NPMs-DMSA na concentragéo tao
alta quanto 1x10"° nanoparticulas/mL ndo ocasionaram efeito téxico na viabilidade
de macrdéfagos obtidos do lavado bronco-alveolar. Por outro lado, esses achados
contrariam aqueles reportados por Sestier e colaboradores (2002); e pode ser
explicado pelo fato desses autores terem utilizado linhagens celulares que diferem

funcionalmente e fenotipicamente dos macrofagos encontados nas vias aéreas
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respiratorias (CAIGNARD et al., 1985), podendo ser mais suscetiveis as NPMs-
DMSA.

O mecanismo pelo qual as NPMs-DMSA induzem a migragao transendotelial
dos mondécitos no pulmao nao foi avaliado no presente estudo. No entanto, algumas
hipéteses podem ser propostas. Conforme demonstrado por GARCIA e
colaboradores (2005), as NPMs-DMSA séo capazes de atravessar a barreira
endotelial e alcangar os compartimentos extravasculares do pulmao. O influxo de
NPMs-DMSA para o pulmdo ocasionaria, entdo, a liberacdo de citocinas
inflamatdrias que atrairiam os mondcitos do sangue para o parénquima pulmonar e
vias aéreas respiratérias. Esta perispectiva estd em concordancia com a noc¢ao de
que um gradiente quimiotatico € necessario para o rapido recrutamento de
mondcitos para os compartimentos extravasculares do pulmédo (ROSSEAU et al.,
2000). Uma outra possibilidade é que a migracao transendotelial dos mondcitos seria
induzida por fatores inflamatérios derivados do soro, como, por exemplo, os
componentes do sistema complemento (CSC, FOREMAN et al., 1996; DISCIPIO et
al., 1999; JAGELS et al., 2000; MORNET et al., 2004), unidos a superficie das
NPMs-DMSA. Neste ultimo caso, o complexo NPMs-DMSA-CSC poderia induzir a
ativacdo e/ou sintese de moléculas de adesao celular nos mondcitos, tornando os
mesmos aptos a emigracéo. Esta perspectiva ndo exclui a possibilidade de que o
gradiente quimiotatico ocorra simultaneamente, desde que a incorporagdo do
complexo NPMs-DMSA-CSC também pode estimular a liberacdo de citocinas
inflamatorias pelos mondcitos translocados. Futuros experimentos s&o necessarios
para clarificar esta questao.

A migracédo transepitelial de leucocitos no pulmdo pode ser mediada por

diferentes classes de moléculas de adesao celular, incluindo E-, L- e P- selectina, as
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integrinas-p2 LFA-1 e Mac-1, a integrina-B1 VLA-4 e a imunoglobulina VCAM-1
(MAUS et al., 2002; LIU et al., 2004; MARTIN et al., 2005; NOURSHARGH et al.,
2005). No presente estudo, nos utilizamos o PCR em tempo real para investigar o
efeito das NPMs-DMSA sobre a expressdao do mRNA dessas moléculas de adesao
celular no pulméo de camundongos. Os resultados mostraram que as NPMs-DMSA
aumentaram a expresséo de transcritos da E-, L- e P-selectina e da integrina Mac-1.
Esses resultados sao fortes indicativos de que tais moléculas de adesédo estao
envolvidas no processo de migracao transendotelial dos leucécitos induzida pelas
NPMs-DMSA no pulmao.

A expressdao de moléculas de adesao celular no pulmao é frequentemente
associada com o aumento nos niveis da citocina pro-inflamatéria TNF-a (LO et al.,
1992; O’DEA et al., 2005). No presente estudo, nds encontramos que essa citocina
apresentava niveis elevados no periodo de 4 h quando comparado ao de 12 h. O
predominio da atividade pro-inflamatéria no periodo de 4 h apds a dministracao das
NPMs-DMSA também ficou evidente pelo aumento da razdo dos nivéis de TNF-a
versus IL-10. Em conjunto, esses resultados sdo compativéis com a nossa prévia
observacdo de que as NPMs-DMSA aumentam a expressdo de transcritos das
moléculas de adesao celular dentro das primeiras 4 h apds o tratamento. Além disso,
o nivel aumentado da citocina anti-inflamatéria IL-10 no periodo de 12 h apds a
administracdo das NPMs-DMSA pode ter contribuido para a diminuicdo da
expressao das moléculas de adesao celular observada nesse memso periodo de
anadlise. Esta afirmativa esta de acordo com outros estudos (MULLIGAN et al., 1993;
INOUE, 2000) que mostraram que a IL-10 é capaz de limitar a indugéo de moléculas

de adesao celular no pulméo.
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As integrinas sdo moléculas de adesao expressas constitutivamente na
superficie celular, bem como armazenadas dentro de vesiculas intracitoplasmaticas
(DIAMOND; SPRINGER, 1994; HYNES 2002). A sintese de novo das integrinas
requer a transcricdo de mRNA. No presente estudo, ndo foram observadas
mudancgas nos niveis de transcritos das integrinas VLA-4 e LFA-1, o que sugere que
as NPMs-DMSA n&o induzem a sintese de tais moléculas de adesdo celular no
pulmdo. Por outro lado, tem sido relatado que a migragcdo transendotelial de
leucécitos ndo depende apenas do numero de integrinas localizadas na superficie
celular, mas também do estado conformacional, ou seja, do grau de ativacdo das
mesmas (DIAMOND; SPRINGER, 1994). Assim, os resultados obtidos no presente
estudo ndo excluem a possibilidade das NPMs-DMSA induzirem a translocagéo das
integrinas LFA-1 e VLA-4 armazenadas em vesiculas intracitoplasmaticas para a
membrana plasmatica e/ou ativagdo dessas integrinas constitutivamente expressas
na superficie dos leucdcitos. Neste caso, ambas as integrinas LFA-1 e VLA-4
poderiam desempenhar um papel funcional no processo de migragao transendotelial
induzida pelas NPMs-DMSA. Suportando esta perspectiva, nés mostramos em um
estudo recente (VALOIS et al., 2009) que as NPMs-DMSA sao capazes de modular
0 padrdo de expressdao da integrina LFA-1 em leucdcitos localizados nos
compartimentos vasculares do pulmé&o. Por outro lado, a auséncia de mudangas
significativas nos nivéis de expressdo do mRNA da imunoglobulina VCAM-1 -
principal ligante da integrina VLA-4 (ELICES et al., 1990; CHAN; ARUFFO, 1993) -
pode ser considerado como um indicador indireto de que essa integrina ndo esta
envolvida no processo de migragao transendotelial induzido pelas NPMs-DMSA. No
entanto, essa nogcao nao considera o fato de que a integrina VLA-4 pode mediar a

emigracao dos leucdcitos por meio da interagdo com outros ligantes que nao foram
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avaliados no presente estudo, tais como a fibronectina (ELICES et al., 1990; CHAN;
ARUFFO, 1993). Esta posssibilidade deve ser alvo de futuras investigagdes.

Um achado importante do presente estudo foi o fato das NPMs-DMSA
aumentarem a expressdo de transcritos da integrina Mac-1. Este fato levanta a
possibilidade de que a migragéo transendotelial dos leucdcitos induzida pelas NPMs-
DMSA no pulméo seja mediada por uma via dependente da integrina-B2. Esta
hipotese foi confirmada ao avaliarmos o efeito da administracdo das NPMs-DMSA
sobre o numero de leucécitos no lavado bronco-alveolar de animais nocaute para
integrina-B2. Desde que tem sido demonstrado que o bloqueio de integrinas com
anticorpos e/ou receptores antagonistas interfere na habilidade de migragéo dos
leucdcitos in vivo (GAO et al., 2001), o resultados do presente estudo indentifica
intervengdes alvejando a integrina-f2 como uma promissora estratégia terapéutica
para previnir ou atenuar os efeitos adversos das NPMs-DMSA durante aplicacbes

biomédicas no pulmé&o.
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5 CONSIDERAGOES FINAIS

De acordo com os resultados obtidos, pode-se concluir que:

A migragao transendotelial de leucécitos no pulméo apds a administragao
endovenosa de NPMs-DMSA é de carater transitorio;

Mondcitos/macréfagos séo a principal sub-populagao de leucécitos envolvida no
processo de migracao transendotelial induzida pelas NPMs-DMSA. A atividade
migratoria de tais células parece esta relacionada com o processo de limpeza
das NPMs-DMSA do pulmao;

NPMs-DMSA nao induz efeito toxico aos macréfagos do lavado bronco-alveolar;
Administracdo endovenosa de NPMs-DMSA aumenta os nivéis de expressao de
transcritos das moléculas de adeséo E-, L- e P-selectina e Mac-1 no pulméao,
bem como da citocina proé-inflamatéria TNF-q;

A migracao transendotelial de leucdcitos no pulmao apdés a administracédo de
NPMs-DMSA ¢é ausente em animais nocaute para integrina-f2, mostrando que
esta é a principal via da migragdo leucocitaria induzida por aquelas

nanoparticulas.
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