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LISTA DE ABREVIATURAS E SIGLAS

APC: célula apresentadora de antigeno

ATCC: American Type Collection

Ccl2/MCP-1: proteina quimiotatia de mondcito
Cc5/RANTES: co-fator de membrane para proteina
CD: cluster of differenciation

ELISA: Enzime-linked immunoabsorbent assay
FDA: Food and Drug Administration

IL-: interleucina

IFN-: interferon

. Ig: imunoglobulina

. IRM®: intermediate restorative material

. M1: macrofago do tipo 1

. M2: macrofago do tipo 2

. M-CSF: fator estimulador de colonias de monocitos

. MTA: Mineral trioxide aggregate

. MTT: método de medida da atividade da desidrogenase mitocondrial
. NK: natural Killer

. NO: 6xido nitrico

. PBS: salina tamponada com fosfato 0,01M pH 7,3

. PMN: leucocitos polimorfonucleares

. ROIs: radicais livres de oxigénio

. RANKL.: ligante do receptor ativador do fator nuclear Kappa B
. SCR: sistema de canais radiculares

. Super-EBA®: cimento de 6xido de zinco e eugenol reforcado

. Th: célula T-auxiliar (T-helper)

. TNF: fator de necrose tumoral

. Treg: célula T regulatoria
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RESUMO

O agregado de trioxido mineral (MTA), por ser um cimento retro-obturador
utilizado em regides inflamadas e/ou infectadas, deve ser biocompativel e ndo interferir
negativamente na resposta imune periapical. Sendo essa resposta imune um papel protetor,
prevenindo a disseminacao de infecgdes, as implicagdes clinicas de suas alteragdes precisam
ser estudadas. Nesse contexto, nosso objetivo foi observar o papel do MTA na imunidade
inata, adaptativa e na reabsor¢do dssea. A atividade de macrofagos M1 e M2 peritoneais, na
presenca do MTA, foi objeto de nosso estudo na imunidade inata. Foram analisadas a
viabilidade e aderéncia celular, a fagocitose de Saccharomyces boulardii, a produgao de
espécies reativas de oxigénio (ROI) e de nitrogénio (NO), assim como a atividade da arginase.
A produgdo de IgG em resposta ao Fusobacterium nucleatum, a proliferacdo e producdo de
citocinas por células T pré-imunes estimuladas por anti-TCR e anti-CD28 e por células T de
memoria reativas ao F. nucleatum e ao Peptostreptococus anaerobius, na presenca do MTA,
foram analisadas no estudo da resposta imune adaptativa. Por ltimo, a influéncia do MTA na
osteoclastogénese mediada por RANKL e a atividade desses osteoclastos também foram
pesquisadas. Observou-se que o MTA nao afetou nem a atividade antibacteriana, nem a
cicatricial dos macréfagos M1 e M2. A produgdo de IgG ao F. nucleatum em MTA foi
estimulada em niveis comparaveis aos grupos imunizados com F. nucleatum em adjuvante de
Freund e adjuvante de hidroxido de aluminio. O MTA estimulou a proliferagdo das células T
pré-imunes estimuladas com anti-TCR e anti-CD 28, elevou a producao das citocinas TNF,
RANKL e IFN-y, além de diminuir a producdo de IL-10, por essas células. O MTA reduziu a
proliferacao das células T de memoria antigeno especifica. O MTA diminuiu a producao das

citocinas IFN-y e IL-4, pelas células Th1 de memoria reativas ao P. anaerobius e pelas células



Th2 de memoria reativas ao F. nucleatum, respectivamente, apesar de nao ter afetado a
producao das citocinas TNF, RANKL e IL-10. Na reabsor¢ao dssea, o MTA inibiu a
osteoclastogénese, e também a atividade dos osteoclastos remanescentes. Concluiu-se que: o
MTA nao interfere na atividade das células presentes nas fases iniciais da resposta imune; o
MTA apresenta alguma atividade nas células presentes nas fases tardias da resposta imune; o
MTA inibe os eventos de reabsor¢ao Ossea. Considerou-se, portanto, que o MTA é um
material que age e interfere, de forma positiva, nos processos de interacdao

material/hospedeiro.

Palavras-chave: MTA, resposta imunoldgica, reabsorcdo Ossea, resposta

periapical.
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SUMMARY

Mineral trioxide aggregate (MTA) is a biocompatible root-end filling material.
However MTA’s influences on the innate and adaptive immune responses and bone
resporption in periapical lesions are still unclear. To investigate the effects of MTA on innate
immune response, M1 and M2 macrophages were examined in vitro for their viability,
adhesion to glass, phagocytosis, production of reactive oxygen and nitrogen species and
arginase activity. To assess the effects of MTA on adaptive immune responses, IgG antibody
response to Fusobacterium nucleatum (Fn) was evaluated in vivo and memory T cells (Tm)
specific to Fn and Peptostreptococcus anaerobius (Pa) were stimulated in vitro with spleen
antigen presenting cells and respective antigen in the presence of MTA. MTA’s influences on
the RANKL-mediated osteoclastogenesis and on the bone resorption activity by mature
osteoclasts were tested using RAW264.7 cells and mouse bone marrow cells. MTA did not
affect the M1 and M2 activities. MTA increased serum IgG antibody levels against Fn
(p<0.05), indicating an adjuvant activity of MTA. MTA decreased the proliferation of
antigen-specific Tm. MTA suppressed IFN-y or IL-4 (p<0.05) production by Fn-reactive Th2
or Pa-reactive Thl Tm, respectively, while productions of TNF-o, RANKL and IL-10 from
these Tm were not affected by MTA. As to bone resorption, MTA inhibited the
osteoclastogenesis and osteoclast activity (p<0.05). Conclusion: MTA affected the immune
responses as well as bone resorption events in periapical lesions in a manner that benefits
host.

Key-words: MTA, immune response, bone resorption, periapical lesion.
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1 INTRODUCAO



21

1 INTRODUCAO:

A polpa dentaria ¢ um tecido conjuntivo que possui abundantes vasos sangiiineos
e linfaticos, nervos mielinicos e amielinicos e células mesenquimais indiferenciadas.
Semelhante aos outros tecidos conjuntivos do nosso organismo, ela reage a infeccdo
bacteriana ou a outros estimulos (fisicos ou quimicos) pela resposta inflamatéria no 6rgao
pulpar.

A reagdao imuno-inflamatéria que ai se instala procura proteger a polpa contra a
agregacdo microbiana. Porém, essa resposta a0 mesmo tempo que apresenta aspectos
positivos na eliminagdo do agente invasor, pode causar danos teciduais. Didaticamente ela
pode ser dividida em: imunidade inata e imunidade adquirida.

A imunidade inata prové a primeira linha de defesa contra microrganismos, além
de ser uma resposta rapida, imediata a entrada de um dado antigeno e ocorrer de forma
semelhante para diferentes agentes agressivos. Ja a imunidade adaptativa, também chamada
de imunidade especifica, apresenta especificidade, diversidade, memoria, especializagao,
autolimitacao e tolerancia. Essa resposta pode ser dividida em dois subtipos de acordo com os
componentes e a forma de eliminagdo dos microrganismos. A imunidade humoral ¢ mediada
por anticorpos especializados produzidos pelos linfocitos B. Seus diferentes tipos podem
ativar diferentes mecanismos efetores. E este o principal mecanismo de defesa contra
microrganismos extracelulares e toxinas. A imunidade celular ¢ mediada pelos linfocitos T,
tanto linfocitos T auxiliares do tipo 1 (Th1) quanto os do tipo 2 (Th2) (Levy, 2006).

Certas caracteristicas anatomicas do tecido pulpar, porém, tendem a modificar a
natureza € o curso da resposta imunologica. O fato de o tecido pulpar confinar-se entre
paredes mineralizadas de dentina, inextensiveis, impede a instalacdo do edema inflamatorio.

Nesse orgdo, a circulacdo colateral ¢ comprometida, pois, tanto a circulagdo sangiiinea
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aferente quanto a eferente penetra e sai do dente, através de forames apicais minusculos
(Shafer W.G. et al., 1987).

O tecido pulpar em condi¢des de normalidade ¢ considerado imunocompetente e
tem a capacidade de responder aos estimulos nocivos. Células apresentadoras de antigenos
(APC) estao presentes na camada odontoblastica e ao longo dos vasos sanguineos, além de
células semelhantes a macrofagos serem encontradas na por¢ao mais central da polpa
(Bergenholtz et al., 1991). Um pequeno numero de células T recirculantes ¢ identificado, com
a predominancia de linfocitos T CD8", enquanto as células B sdo raras ou indetectaveis (Hahn
et al., 1989). Os plasmocitos estao ausentes (Pulver et al., 1977).

A resposta inicial a exposicao pulpar e invasdao bacteriana e/ou difusdo de seus
subprodutos, pelos tubulos dentinarios, inclui o influxo de leucocitos polimorfonucleares
(PMNs) (Warfvinge et al., 1985) e mondcitos (Bergenholtz et al., 1991), caracterizando o
infiltrado inflamatorio agudo. Com a progressdo desse processo, o infiltrado celular torna-se
mais intenso, cronico € assume um carater tipico misto. Consiste em células T auxiliares e T
citotoxicas. As cé¢lulas B e plasmocitos também estao presentes como elementos especificos,
junto com os PMNs, mondcitos e células natural killer (NK) como componentes nao
especificos (Pulver et al., 1977; Hahn et al., 1989). Os niveis de IgG e IgA sdo elevados
(Speer et al., 1977), sugerindo a possibilidade de prote¢do durante o processo de invasdao
bacteriana (Hahn e Falkler, Jr., 1992). Geralmente esses mecanismos nao sao capazes de
erradicar a infecg¢do: a destruicdo tecidual, com a formagao de pequenos abscessos e focos
necrdticos na polpa, ocorrera com eventual progressdo para a necrose pulpar total, na qual o
numero de linfocitos decresce dramaticamente (Hahn ez al., 1989).

Instalada a necrose pulpar, uma rapida colonizagdo bacteriana ocorre no interior

do sistema de canais radiculares (SCR). A dinamica dessa colonizagdo se processa: ha uma
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microbiota composta por bactérias anaerdbias facultativas, sucedida por bactérias anaerobias
estritas, com predominio de espécies gram-negativas (Tani-Ishii et al., 1994).

A ligacdo direta entre o aparecimento, a progressdo, a manuten¢do da resposta
inflamatoria e a presenca bacteriana foi relatada por Kakehashi et al. (1965). Nesse estudo
constataram-se a formagao de necrose pulpar e inflamacgao periapical apos a exposi¢ao pulpar
de dentes de camundongos convencionais, enquanto observou-se a formacdo de dentina
reparadora em dentes de camundongos isentos de germes, demonstrando a capacidade da
polpa em se auto-reparar na auséncia de infecgao.

Anos mais tarde, Sundquist (1976) confirmou o relacionamento de causa e efeito
entre a infec¢do pulpar e o desenvolvimento de lesdo apical. Essa conclusdao baseou-se na
auséncia de bactérias detectaveis em culturas de camaras pulpares de dentes traumatizados
sem lesdo apical, enquanto a presenca bacteriana foi observada nas culturas dos mesmos
dentes com lesdo apical (Sundqvist, 1976).

Varios estudos demonstraram que o SCR pode atuar como uma via para a
sensibilizacdo do hospedeiro (Kennedy et al, 1957; Barnes e Langeland, 1966).
Semelhantemente aos mecanismos descritos no 6rgdo pulpar, as alteragdes patoldgicas
associadas as alteragcdes perirradiculares sdo mediadas por reagdes inflamatdrias nao
especificas e/ou respostas imunes especificas, exceto pela destruicdo ossea (Torabinejad ef al.,
1985; Stashenko et al., 1998).

O infiltrado inflamatério das lesdes periapicais cronicas caracteriza-se pela
presenca de linfocitos T e B, PMNs, macrofagos, plasmocitos (Stern ef al., 1981; Kawashima
et al., 1996), células NK, eosinofilos e mastocitos (Artese et al., 1991; Kawashima et al.,
1996). Esse infiltrado representa aproximadamente 50% das células presentes nos granulomas

periapicais. Outras células do tecido conjuntivo nao inflamatorio, ai presentes, incluem os
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fibroblastos, endotélio vascular, epitélio proliferativo, osteoblastos e os osteoclastos (Yu e
Stashenko, 1987).

Todos os tipos celulares inflamatérios envolvidos tanto na resposta inflamatoria
especifica quanto naquela ndo-especifica infiltram-se na regido pulpar e periapical em
resposta a infecgcdo. Essas células medeiam inteiramente o espectro da resposta imune,
incluindo: ativacdo dos PMNs e dos macrofagos, hipersensibilidade do tipo retardada, reagdes
citotoxicas, complexo imune e hipersensibilidade mediada por complemento, a resposta
anafilatica e a producdo de citocinas por linfocitos, macréfagos e células do tecido conjuntivo
do hospedeiro, metabdlitos do acido aracdonico e cininas (Stashenko et al., 1998).

Uma teoria que explicaria o desenvolvimento dessas alteragdes periapicais seria a
que se segue: com o inicio da infec¢do nos tecidos periapicais, comeca a resposta imune inata;
as APCs fagocitam e processam o antigeno, liberam citocinas € quimiocinas que exacerbardo
a tal resposta. Essas citocinas atuardo sobre a reabsor¢do 6ssea ao induzir a liberacao do
RANKL que atuara na diferenciacao e atividade dos osteoclastos (Vernal et al., 2006).
Durante a apresentacdo do antigeno pela APC ao linfécito pré-imune, se houver a presenga de
interleucina (IL)-12, ocorrera a diferenciacao dos linfocitos T no subtipo Thl, que, durante a
resposta adaptativa, produzird as citocinas interferon (IFN)-y e fator de necrose tumoral
(TNF) que exacerbardo a resposta imune na regido periapical, contribuindo para o processo de
reabsorcao ossea. Entretanto, se durante a apresentacao de antigeno pela APC ao linfocito pré-
imune, houver producao de IL-4, os linfocitos T se diferenciardo no subtipo Th2, produzindo
as citocinas IL-4, IL-10 e IL-13, que inibirdo o processo de reabsor¢cdo dssea. A citocina
reguladora IL-10 atuard também regulando o processo de diferenciagdo das células Thl
(Stashenko et al., 1998).

O tratamento endodontico em um dente infectado atuara removendo a infec¢ao do

SCR e, concomitantemente, promovendo o reparo dos tecidos circunvizinhos. Contudo, em
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raras ocasides, durante esse tratamento, acidentes e complicagdes podem ocorrer. As
perfuracdes radiculares sdo a segunda razdo mais comum da falha associada ao tratamento
endodontico (Ingle J.I. e Taintor J.F., 1989). Os casos de insucesso, cerca de 9%, culminam
no inicio ou perpetuacao de uma alteragdo periapical (Ingle J.I. e Taintor J.F., 1989). Nesses
casos, a necessidade da realizagdo de cirurgia parendodontica ¢ mandatoria e, por muitas
vezes, a retro-obturacao sera necessaria. Tanto nas indicagdes de retro-obturagdo, quanto nos
casos em que se procura selar perfuragdes radiculares, até recentemente, ndo existia no
mercado um material que preenchesse todos os requisitos para o sucesso do tratamento, como
ser radiopaco, ser biocompativel, apresentar bom selamento marginal e ndo ser reabsorvivel.
Em 1993, o agregado de trioxido mineral (MTA), desenvolvido pelo Dr.
Mahamoud Torabinejad na Universidade de Loma Linda (CA, EUA), foi descrito pela
primeira vez na literatura (Lee ef al., 1993). O MTA ¢ um p6 constituido de particulas
hidrofilicas de silicato tricalcio, aluminato tricalcio, 6xido tricélcio, 6xido de silicato, cuja
presa ocorre na presenca de umidade. Suas caracteristicas dependem do tamanho das
particulas, relacdo dgua/pd e presenga de dgua (Abedi e Ingle, 1995; Schwartz ef al., 1999).
Esse produto ¢ fabricado no Brasil pela Odonto-l6gika (Londrina, Parana, Brasil) com os
nomes de MTA-Angelus e MTA Branco. Estudos demonstraram semelhangas entre MTA-
Angelus e o ProRoot, fabricado na Suiga (Abedi e Ingle, 1995; Rezende et al., 2005; De Deus
et al., 2005), como também, semelhanca entre os cimentos cinza e branco. Na composi¢ao
desse ultimo nao se encontra o elemento ferro (Camilleri et al., 2005). Em funcdo da
semelhanga de resultados e da ndo alteracdo da coloragao da camara pulpar, prefere-se o uso
do MTA Branco. Brevemente, a Angelus disponibilizou no mercado outro MTA de coloragio
branca, denominado de MTA Bios. O MTA Bios apresenta teor de oxido de aluminio e CaO
livre superior a0 do MTA Angelus, e um plastificante no liquido que melhora sua

manipulagao.
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Desde sua primeira descricdo por Lee et al (1993), utiliza-se o MTA em
aplicagdes cirurgicas e ndo cirdrgicas. Esse material foi inicialmente indicado na clinica
endoddntica como material retro-obturador e como selador de perfuragdes radiculares. Sua
utilizacdo clinica, porém, foi tdo satisfatdria que atualmente ele também ¢ indutor de
apexificacdo e capeador direto (Torabinejad e Chivian, 1999; Adamo et al., 1999; Saidon et
al., 2003). Parece ser o material com melhores propriedades para aplicagdes endodonticas que
envolvem reparos radiculares e formacdo 6ssea, quando comparado com outros materiais ja
conhecidos: amalgama, intermediate restorative material IRM®), iondmero de vidro, cimento
de 6xido de zinco e eugenol reforgado (Super-EBA®). O MTA ¢ ideal para se aplicar junto ao
0SS0, por ser o Unico que, consistentemente, permite a deposi¢ao do cemento, a formacao
ossea e ainda facilita a regeneragao do ligamento periodontal (Schwartz et al., 1999).

Como o MTA geralmente ¢ aplicado sobre feridas cirurgicas, infectadas ou ndo, €
importante que o material seja biocompativel e ndo interfira nas respostas dos tecidos pulpares
e periapicais inflamados, com os quais 0 MTA entra em contato. Mas, existem poucos estudos
que avaliam esses efeitos. Koh et al. (1997) testaram a producao de citocinas por osteoblastos
em cultura na presenca ou auséncia do MTA. Observaram maior produgdo de IL-1a., IL-1 e
IL-6 quando se acrescentava o MTA a cultura. O fator estimulador de colénias de monocitos
(M-CSF) nao se afetou pelo MTA, presente em altas concentragcdes. Posteriormente,
resultados semelhantes foram obtidos utilizando-se culturas de células MG-63 recuperadas de
osteossarcoma humano, na presenga ou nao do MTA (Koh et al., 1998). Usando as mesmas
células MG-63 em cultura, Mitchell et al. (1999) observaram a producdo de IL-6, grandes
quantidades de IL-8 e auséncia de IL-1a e IL-11, além de producao de M-CSF, na presenca
de MTA em comparacgdo com as células na auséncia do mesmo. E interessante ressaltar que

nesse estudo detectou-se uma pequena quantidade de IL-1a quando grandes quantidades de
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MTA foram dispostas na cultura. Abdullah et al. (2002) também observaram altos niveis de
IL-1B, IL-6, IL-8 e osteocalcina na presenga do MTA e de variantes do cimento de Portland.

O efeito da exposi¢ao da polpa dental ao MTA, in vivo, durante a inflamagao
aguda (10 dias) e cronica (20 dias) foi descrito por Silva (2005). O MTA reduziu a expressdao
de 4cido ribonucléico mensageiro (mRNA) de co-fator de membrana para proteina
(Ccl5/RANTES), de IL-1a e IFN-y. Nao se observou expressdo de mRNA de IL-6, IL-4 e
proteina quimiotatica de mondcito (Ccl2/MCP-1). A expressao de mRNA para o TNF-a foi
variavel. Esses resultados conferem um efeito antiinflamatorio ao MTA em funcao do
decréscimo da expressao de citocinas pro-inflamatodrias.

Para se avaliar a citotoxicidade de materiais retro-obturadores: amalgama, gallium
GF2®, ketac silver® e o MTA, Osorio et al. (1998) realizaram culturas de fibroblastos L-929 e
as expuseram a esses materiais. As provas de citotoxicidade utilizadas foram: o ensaio MTT e
o ensaio de cristal violeta para avaliar o nimero de células mortas e vidveis. Os resultados
demonstraram que o MTA nio foi citotoxico; gallium GF2® apresentou leve citotoxicidade; e
ketac silver, super-EBA e amalgama demonstraram elevados graus de citotoxicidade.

Haglund ef al. (2003) observaram que nas culturas de macréfagos e fibroblastos
expostas ao MTA, a fresco ou a seco, houve diminui¢do do crescimento celular. Notou-se,
contudo, que, a fresco, 0 MTA induzia desnaturacao de proteinas do meio e causava a morte
celular na regido adjacente ao material. Contudo, ao redor das culturas mortas, observou-se o
crescimento celular normal. Quando exposto a seco, ndo se verificaram alteragdes na
morfologia celular e ndo se detectou producdo de IL-18 e IL-6. Similarmente, também nao
houve efeito do MTA na produgdo de citocinas (TNF-a, IL-12p70 e IL-10) por macréfagos
M1 e M2 estimulados com antigenos de Fusobacterium nucleatum ou Peptostreptococcus
anaerobius, com e sem IFN-y. Como esses diferentes tipos de macréfagos M1 e M2

relacionam-se respectivamente ao combate de infec¢do e a cicatrizagdo, parece que o MTA
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ndo interfere na resposta imune inata de macréfagos (Rezende et al., 2005). Diante desse
resultado, fez-se necessaria a complementagao dessas informagdes, analisando-se a atividade
fagocitica, antibacteriana e cicatricial desses macrofagos na presenca do MTA.

Os linfocitos sao extremamente relevantes na resposta que se processa nas
alteracdes perirradiculares, contudo o efeito do MTA sobre essas células ¢ ainda hoje pouco
avaliado. Braz et al. (2006) e da Silva et al. (2006), utilizando o ensaio de gel simples
(COMET), observaram que o MTA cinza, o branco e o cimento de portland, em
concentragdes de 1 a 1000pug/mL, por 1 hora, ndo danificaram o DNA, de linfocitos humanos
do sangue periférico. Como pouco se sabe sobre a interacdo do MTA com linfocitos, faz-se
necessaria a avaliacao de seus efeitos sobre as respostas de linfocitos Th1, Th2 e linfécitos B.

Nas lesdes apicais, a resposta imune que ali se processa induz a destrui¢do Ossea,
uma peculiaridade dessa patologia em relagdo as demais respostas imunologicas do
organismo. Assim, a perpetuac¢do de tal resposta produz diversos mediadores e culmina na
reabsor¢ao Ossea, incluindo a producao de RANKL, citocina envolvida tanto na regulagao
fisiolégica ou patologica durante a osteoclastogénese como na ativagdo osteoclastica
(Takahashi et al., 1999).

Pouco se sabe sobre o efeito do MTA no processo de remodelagdo dssea. A
literatura pertinente relata apenas alguns resultados da atividade de osteoblastos na presenca
desse material, com algumas contradi¢des. Existem trabalhos que relataram elevada producao
de citocinas envolvidas no processo de remodelacao 6ssea por osteoblastos na presenga do
MTA (Koh et al., 1997; Mitchell et al., 1999); no entanto, essas mesmas células nao se
apresentavam viaveis ap6s 13 dias de cultura (Perez ef al., 2003). Surgiu, entdo, a hipdtese de
que o sucesso clinico obtido com a utilizagdo do MTA poderia ligar-se ndo apenas a sua

intera¢ao com os osteoblastos, mas também com os osteoclastos.
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Além desses dados, presentes na literatura, concernentes ao MTA, a possivel
interferéncia ou nao desse material na modulagdo da resposta imune também deveria ser
estudada uma vez que, analisando-se a composi¢cao do MTA, observou-se alta incidéncia de
substancias contendo o ion calcio. Sabe-se que este ion € o ion aluminio, sdo liberados em
solucao (Tomson et al., 2007). Eles atuam diretamente na remodelacao dssea (Boyle et al.,
2003; Granchi et al., 2005), e o sal aluminio age como adjuvante (Baylor et al., 2002),
podendo potencializar a resposta imune adaptativa local e, como conseqiiéncia, aumentar a

atividade anti-bacteriana nas lesdes periapicais.

Devido as lacunas no conhecimento da area descrita, esta tese se justifica,
baseando-se nas seguintes premissas:

(1) o MTA ¢ um material relativamente novo e indicado em casos nos quais a
resposta imune ¢ de extrema importancia;

(2) ainda existem questionamentos a respeito dos efeitos bioldgicos do MTA;

(3) uma vez que ¢ indicado em eventos de reabsor¢ao dssea, € necessario avaliar o
efeito do MTA em células pré-osteoclasticas e osteoclastos;

(4) baseando-se na liberagdao de ions por este material, em cultura, propor uma
hipdtese sobre o mecanismo de atuacdo do MTA na osteoclastogénese e ativagao dos

osteoclastos.
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2 OBJETIVOS:

2.1 Objetivo geral:

O presente trabalho objetiva avaliar o papel do MTA quanto a sua capacidade de

atuacao na imunidade inata e adaptativa como também na reabsor¢ao dssea.

2.2 Objetivos especificos:

* Avaliar a resposta fagocitica e antibacteriana (aderéncia, fagocitose e
espécies reativas de oxigénio (ROI) e nitrogénio (NO) de macréfagos M1 e M2, in
vitro, na presenga e auséncia do MTA;

* Avaliar a atividade de arginase, de macrofagos M1 e M2, in vitro, na
presenca e auséncia do MTA;

* Avaliar a indu¢do do anticorpo IgG em resposta ao F. nucleatum, in
vivo, na presenca e auséncia do MTA;

* Avaliar a proliferacao celular e a producao de citocinas (TNF-a, IFN-
v, IL-4, IL-10 ¢ RANKL) por linfocitos T pré-imunes estimulados com anti-TCR e
anti-CD28 e por células T de memoria ao F. nucleatum e ao P. anaerobius, in vitro, na
presenca e auséncia do MTA;

* Avaliar o efeito do MTA na osteoclastogénese e ativacao osteoclastica,
in vitro;

* Propor uma hipdtese sobre o mecanismo do efeito do MTA nas células

osteoclasticas.
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3 TRABALHOS CIENTIFICOS:

3.1 MTA E A RESPOSTA IMUNE INATA:

TRABALHO 1: “The effect of mineral trioxide aggregate on phagocytic activity and
production of reactive oxygen, nitrogen species and arginase activity by M1 and M2

macrophages”. International Endodontic Journal, 40: 603—-611, 2007.

Objetivo: Verificar a influéncia de co-culturas com o agregado de trioxido mineral (MTA) na
fagocitose e producdo de espécies reativas de oxigénio (ROI) e nitrogénio (NO) e na atividade
de arginase por macrofagos peritoneais M1 e M2.

Metodologia: Viabilidade celular e fagocitose de Saccharomyces boulardii foram verificadas
na presenca do MTA. Macrofagos foram estimulados com zymosan para ensaio de ROI, com
Fusobacterium nucleatum e Peptostreptococcus anaerobuius ¢ IFN-y para produgdo de NO e
arginase, quando em contato com capilares contendo MTA. Os dados foram analisados pelos
testes T, ANOVA, Kruskall-Wallis ¢ Mann-Whitney.

Resultados: Macréfagos M2 apresentaram maior viabilidade celular em tubos de
polipropileno, maior habilidade na ingestdo de leveduras e menor producdo de ROI e maior
atividade de arginase quando comparado aos macrofagos M1. Ambos macrofagos, M1 e M2,
apresentaram valores similares de aderéncia celular e produgdao de NO. A adicdo de
preparagdes bacterianas aos macrofagos interferiram na produgdo de NO e de arginase. O

MTA nao interferiu em nenhum dos parametros mensurados.
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Conclusdo: O MTA ndo afetou a fagocitose e nem a habilidade dos dois subtipos de

macr6fagos em eliminar microrganismos.

Resultado prévio: MTA nio afeta
a producdo das citocinas TNF-a,
IL-12 e IL-10 por macrofagos M1
e M2 (Rezende et al. 2005).
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Abstract

Rezende TMB, Vieira LQ, Cardoso FP, Oliveira RR, de
Qliveira Mendes ST, Jorge MLR, Ribeiro Sobrinho AP.
The effect of mineral trioxide aggregate on phagocytic activity
and production of reactive oxygen, nitrogen species and
arginase activity by M1 and M2 macrophages. /nternational

Endodontic Journal, 40, 603-611, 2007.

Aim To assess the influence ol co-culture with min-
eral trioxide aggregate (MTA) on phagocytosis and the
production of reactive oxygen intermediates (ROI} and
nitrogen (NO) species and the arginase activity by M1
and M2 peritoneal macrophages.

Methodology Cellular viability, adherence and pha-
gocytosis ol Saccharomyces boulardii were assayed in the
presence ol MTA. Macrophages were stimulated with
zymosan lor ROL assays and with Fusebacterium nucle-
atum and Peptostreptococcus anaerobius and [IFN-y for NO
production and arginase activity, when in contact with

capillaries containing MTA. Data were analysed by
I'. anova, Kruskall-Wallis and Mann-Whitney tests.

Results M2 macrophages displayed greater cellular
viability in polypropylene tubes, greater ability to ingest
yveast and smaller production of ROI and higher
arginase activity when compared with M1 macroph-
ages. Both macrophages, M1 and M2, presented similar
cell adherence and NO production. The addition of
bacterial preparations to macrophages interfered with
NO and arginase productions. MTA did not interlere

with any ol the parameters measured.

Conclusions Phagocytosis and the ability ol the two
macrophage subtypes to eliminate microbes were not

allected by MTA.

Keywords: macrophage, mineral trioxide aggregate,
phagocylosis, reactive nitrogen species and arginase

activity, reactive oxygen species.
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Introduction

Mineral trioxide aggregate (MTA) consists ol hydrophi-
lic tri-calcium silicate particles, tri-calcium aluminates,
tri-calcium  oxide, silicate oxide and other mineral
oxides (Lee et al. 1993b, Torabinejad et al. 1993, Abedi
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& Ingle 1995, Torabinejad & Chivian 1999). MTA is
sold under the brand name ProRoot™ (Dentsply
Maillefer, Ballaigues, Switzerland) and, in Brazil, MTA-

Angelus® (Odonto-logika, Londrina, Brazil). As MTA is
indicated lor the use in inllamed or inlected areas, it
ought to be biocompatible and not allect cell behaviour.

Macrophages predominate amongst the several cells
present in the inllamed pulp and periapical tissues
(Stern et al. 1981, Kawashima et al. 1996). Recently,
macrophages have been divided into two subtypes: M1
and M2, according to their ability to produce dillerent
types ol responses (Mills et al. 2000, Bastos et al. 2002,

International Endodontic Journal, 40, 603-611, 2007
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Mantovani et al. 2002, Mosser 2003, Rezende et al.
2005). M1 macrophages are activated in the classical
way, in the presence ol [L-12, by IFN-y, to produce
nitric oxide (NOJ and reactive oxygen intermediates
(ROD) in response to microbes (Mosser 2003). In the
presence ol oxygen, NO generales reaclive nilrogen
intermediates which will cause damage to cells and
hence to inlectious agents (Nathan & Shiloh 2000),
ROL are intermediate reduction products ol oxygen,
such as superoxide, hvdrogen peroxide, and hydroxyl
radical, as well as reactive products ol these with
halides and amines (Nathan & Shiloh 2000). Together,
nitrogen and oxygen intermediates mediate resistance
to pathogens (Nathan & Shiloh 2000). On the other
hand, M2 macrophages prelerably convert arginine
into urea and ornithine, which results ultimately in
collagen production and cellular proliferation (Mills
et al. 2000, Bastos et al. 2002, Mosser 2003). M2
macrophages have been found to pre-dominate in

BALB/¢ mice and in mice genetically delicient in the

p40 chain ol 1L.-12/23 by homologous recombination
(IL-12p40~"") (Bastos et al. 2002).

During inlection, macrophages play a crucial role in
eliminating pathogens and in the healing process.
Hence. this study endeavors to determine phagocytic
activity, production ol [ree radicals and arginase
activity in the presence of MTA [rom two sources
(MTA-Angelus®

mnd ProRoot™). M1 macrophages were

isolated [rom C57BL/6 mice, and M2 macrophages
from 1L-12p40~"" in the C57BL/6 background. Cellular
viability, cellular adherence and phagocytosis were
assaved, as well as the production of ROL and NO and
arginase activity,

Materials and methods

Mice

Male and female 4- to S-week-old wild-type (wit)
C57BL/6 (CEBIO — UFMG, Belo Horizonte, Brazil) and
C57BL/6 delicient in the p40 chain for 11-12/11-23 (1L-
12p407"7: Gnotobiology and Immunology Laboratory.,
UFMG, Belo Horizonte, Brazil) by targeted mutation
(Magram et al. 1996) were kept in a conventional
animal house with barriers, temperature and light
control. Food and water were ollered ad Iibitum.

Isolation of macrophages

Cells were isolated [rom the peritoneal cavity of wit and
1L-12p407~"" C57BL/6 mice 5 days alter injection of

International Endodontic Journal, 40, 603-611, 2007

2mbL ol 3% thioglycolate medium (Biobras S.A.
Montes Claros, MG, Brazil) in the peritoneum. Cells
were resuspended in complete medium: RPMI 1640
without phenol red (Sigma Chemicals Co.. St Louis,
MO, USA), supplemented with 10% ol letal call’ serum
{Nutricell. Campinas, SP, Brazl), 0.1% of 0.05 mol L™

B-mercaptoethanol (Sigma Chemicals Co.j. 0.2% of

penicillin (100 U I]lL_ll:"Serpl(JIII_\-‘CiII (0.1 mg ml™)
and 200 mmol L™ r-glutamine (Oliveira Mendes et al.
2003).

Cell cultures

Cells (1 x 10° cells mL™") were cultured in 1 mL of

medium, in 24-well culture plates (Nunclon: Nalge
Nunc International, Naperville, 1L, USA). for the
assessment of viability: 5% 10° cells mL™" for the
phagocytosis assay; 1% 10° cells mL™" for the verifi-
cation ol cellular adherence, cellular viability, ROI
production and arginase activity; and 2 x 10°
cells mL™" for NO detection. All incubations were
performed in an incubator with humidified atmosphere

R Tal

containing 5% CO, at 37

MTA manipulation

Joth MTA brands were prepared in accordance with
manulacturers’ instructions in sterile conditions. Soon

alter preparation, MTA was inserted into the tips ol

previously sectioned sterilized capillary tubes (test group),
so that their contact with the cell suspension could
be standardized (Oliveira Mendes et al. 2003). Emply
capillary tubes were used in control cultures. Capillaries
were sterilized by exposure to 25 kGray Gamma ray
irradiation (CDTN, Belo Horizonte, MG, Brazil).

Cell viability

Cells were cultured for 24 h, in polvpropvlene tubes.
Cellular viability was determined by the trypan blue
exclusion assay (Oliveira Mendes ef al. 2003},

Cell adherence

Polypropylene tubes containing macrophages were
incubated lor 2 h with capillaries (test and control
groups) in an incubator with humidilied atmosphere
containing 5% COz, at 37 °C. Tubes were agitated in a
vortex agitator for 5 s, at low speed. Twenty microlitres
ol the cellular suspension were removed placed into a

]

Newbauer chamber and incubated for 1 h at 37 °C as

@ 2007 International Endodontic Journal
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above. The percentage ol adherent and nonadherent
macrophages was then established by counting under
an optical microscope (Lee et al. 199 3a).

Phagocytosis assay

Cells (1 x 10" in 1 mL) were incubated for 2 h in 24-
well culture plates (Nunclon, Nalge Nunc International,
Miami, FL, USA), onto round glass coverslips (Glasstée-
nica. Sao Paulo, SP, Brazil) in an incubator as above.
Nonadherent cells were removed by washing with warm
complete medium, alterwards 107 CFU of Saccharomyjees
boulardii {Floratil: Merck S.A.. Rio de Janeiro, R], Brazil)
and capillaries with or without MTA were added to the
medium and plates were incubated for 1 h. Unbound
yeast cells were removed by washing with complete
medium and the coverslips were covered for 1 min with
I mL ol tannic acid at 1% (Merk), so that the distinction
could be made between extracellular and intracellular
yeast cells. One drop of fetal call serum was applied onto
cach coverslip. The dried coverslips were stained with
Panotico Rapido (Laborclin Ltd, Pinhais, PR, Brazil) and
glued to microscope glass slides with Entellan (Merk) for

observation under optical microscope at 1000x magni-

lication in oil immersion (Giaimis et al. 1992). To
determine the percentages ol macrophages with phago-
cvted veast, the percentages ol macrophages with
adhered veast, as well as the number of phagocyted
veast/cells, a minimum of 200 cells were counted.

Reactive oxygen intermediates assay

Cells were cultured in polypropylene tubes in an
incubator as above. Alter 24 h, 1x 10° cells were
transferred to a €96 White Maxisorp (Nalgene,
Rochester. New York, USA) plate in 100 pL: 107
zymosan  particles  (Sigma  Chemical  Co.)  and
0.05 mmol L' luminol in 1640 RPMI without phenol
red were added to each well. Plates were read every

2 min for 118 min in a luminometer (LumiCour
Packard [nstrument Company Inc., Downers Grove, [L,
USA) (Trusk et al. 1978).

the luminol-amplilied chemiluminescence due to the

s procedure will measure

production of superoxide, hydroxyl radical and oxygen
peroxide in response Lo ingestion ol zymosan particles
by phagocytes (Trusk etal 1978). Results were
expressed as the area under each of the curves obtained

in the 118-min period, calculated as follows:

(I, +[y)h
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where [is the area underneath the curve, b the time
|
1 (1 measurements).

interval, [y, [5, indicate light units at times 1, 2

NO production

Cells were cultured with capillaries (test and control
groups) in 24-well culture plates (Nunclon) in an
incubator {as above) with 107 CFU ol heat-killed
Fusobacterium nucleatum (ATCC 10953) or Peptostrep-
tococcus anaerobius (ATCC 27337). Some cultures were
activated with 10 UmL™" ol recombinant [FN-y
(Pharmingen, San Diego, CA, USA). Cells were cultured
for 72 h and NO production was assayed as nitrites in
the  supernatants.  Sodium  pitrite (0,977

S 1 .
125 pmol L) was used as standard (Green et al.
1

1982). Sensibility was 0.5 mmol L~

Arginase activity

Cells were cultured with capillaries (test and control
groups) in polypropylene tubes in an incubator as above
with 107 CFU of heat-killed F. nucleatum (ATCC 10953)
or P anaerobius (ATCC 27337). lor 48 h. Arginase
activity was measured in cell lysates as described by
Corraliza et al. (1994). Brielly, cells were lysed with
50 ul ol 0.1% Triton X-100 (Sigma Chemicals Co.).
Alter 30 min on a shaker, 50 pLof 10 mmol L™ MnCl,
(Merck). 50 pL of mmol L™ Tris-HCl (Merck) were
added, and the enzyme was activated by heating lor
10 min at 55 °C. Arginine hydrolysis was conducted by
incubating 25 plL ol the activated lysate with 25 plL of
0.5 mol L™ t-arginine (Merck: pH 9.7) at 37 °C lor
60 min. The reaction was stopped with 400 pl of
Ha804 (96%)/H5PO4 (85%)/HL0 (1/3/7, viviv). As a
degree ol arginase activity, the urea concentration

VIVIV

was measured at 540 nm alter addition of 25 pli of
g-isonitrosopropiophenone (Sigma Chemical Co.) dis-
solved in 100% ethanol, for 45 min at 95 °C. One unit
ol arginase activity was delined as the amount of
enzyme that catalysed the formation ol 1 umol urea
min~". The standard curve was prepared with increas-
ing amounts of urea between 1.625 and 100 pg.

Statistical analysis

Data were analysed using parametric (anova and
ttest) and  nonparametric  (Mann-Whitney — and
Kruskal-Wallis) tests (P < 0.05). Analyses were made
using the SPSS 8.0 Inc. (Statistical Package for Social
Sciences, Chicago. 1L, USA) soltware.
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Animal ethical committee

Ihese experiments were authorized by CETEA — UFMG
(protocol no. 35/2002).

Results

Cell viability

Cellular viability was greater than 80% in polypropy-
lene tubes (Fig. 1), for both macrophage subtypes.
Analyzing macrophages subtypes, M1 macrophages
survived better than M2 (P < 0.05). MTA did not allect
viability when compared with controls in all conditions

lested.

Cell adherence

Cell adherence was similar between M1 and M2
macrophages. MTA did not alfect the capacity ol either
macrophage subtype to adhere to glass (Fig. 2).

I I |
I I |

Control ~ Angelus ~ ProRoot
MTA MTA

100 ¢

o

of living macrophages
>
o

oy

Figure 1 Percentage of living M1 macrophages (a) rom wt
C57BL/6 mice and M2 macrophages (b) from C57BL/6 11~
12p407" mice, alter incubation in polypropylene tubes with

capillaries containing MTA from both commercial sources.

Controls were cultured with empty capillaries. Cultures were
maintained for 24 h as described in materials and methods.
Bars represent the mean ol two experiments, lines stand lor the

standard error of the means.
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Control Angelus MTA ProRoot MTA

| .Adherenl ceIIsD Non-adherent cells

Figure 2 Percentage of adherent M1 macrophages (a) from wit

% of adherent macrophages

o

C57BL/6 mice and M2 macrophages (b) from C57BL/6 I1-
12p40™"" mice
capillaries containing MTA from both commercial sources.
Controls were cultured with empty capillaries. Cultures

aflter incubation in culture plates with

performed as described in materials and methods. Bars stand
for the mean results of five experiments made in duplicates.
Lines indicate standard error of the means.

Phagocytic activity

'he percentage ol macrophages with adhered veast to
their surface yeast was similar for M1 and M2
subtypes (Fig. 3a.bl. However, M2 macrophages pre-
sented larger numbers ol ingested veast cells in all
conditions examined (P < 0.05) {compare Fig. 3c.d).
MTA did not allect either parameter. Macrophages in
contact with MTA presented bi-refractive structures
inside, suggesting that MTA was ingested (Fig. 7).

Production of reactive oxygen intermediates

Analysis ol the area under cach ROl production’s
curves showed that in general, M1 macrophages
produced more ROI than M2, but when the test and
control groups were compared between two macroph-
ages’ types there was no statistical diflerences. Addition
ol zymosan induced signilicantly higher levels ol ROL
production by M1 macrophage (P < 0.05). MTA did
not allect ROI production in any ol the conditions
examined (Fig. 4).
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Figure 3 Percentage of M1 macrophages (a) from wi C57BL/6 mice and M2 macrophages (b) from C57BL/6 11-12p40™ " mice
displaying phagocyled or adherent veast cells, after incubation in culture plat
L cells per M1 (c) and M2 (d) macropha

with capillaries containing MTA [rom both

are also shown. Controls were cultured with emply

commercial soure

. Numbers ol y

capillaries. Cultures performed as described in materials and methods. Bars stand for the mean results of five experiments made in

duplicates. Lines indicate standard error of the means. All M1 data were statistically diflerent from M2, under the same conditions.
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Figure 4 Kinetic ol reactive oxygen intermediates (ROT) production by M1 macrophages (a) from wt C37BL/6 mice and M2
macrophages (b) from C57BL/6 11-12p40™" " mice, ROTtotal production by M1 macrophages (¢) and M2 macrophages (d). Cells were
cultured with capillaries containing MTA and stimulated with zymosan as described in materials and methods, Bars stand for the
cate statistical
difference for ROI production in response to zymosan when compared with macrophages in medium alone, by Mann-Whitney test.

mean results of five experiments made in duplicates. Lines ir

ate standard error of the means. Dilferent letters

i tion, and activation by [FN-y increased this production,
NO production . ) X )

especially in the cultures stimulated with F. nucleatum
M1 and M2 macrophages produced similar levels of NO— (P < 0.05). MTA had no signilicant effect on NO
in all conditions examined (Fig. 5). Addition of bacter-  production.

ial preparations to macrophages induced NO produc-
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clinical condition for which this material is indicated
there will be contact of MTA with pulpal, periapical, or
periodontal tissues.

As soon as the inflammatory process starts, immune-

competent cells are attracted to the site, in an attempt
to eliminate the aggressors. Ol these cells, infiltrating
prolessional phagocytes, neutrophils and macrophages
are amongst the lirst cells to make contact with the
loreign bodies, playing therelore the main role in the
pathogenesis of the inflammatory process (van Furth
etal. 1972, Unanue 1978, Stashenko ef al 1998,
Metzger 2000, Oliveira Mendes et al. 2003).

Recent studies propose that two subtypes ol macro-
phages exist, with diflerent response profiles: M1 and
M2 (Metzger 2000, Mills et al. 2000). [L-12 would drive
macrophages to the M1 subtype (Metzger 2000, Mills
et al. 2000, whilst the absence or low production of this
cytokine would lead macrophages to the M2 subtype
(Mills et al. 2000, Bastos etal. 2002). Hence. IL-
12p40™"" mice are a good source of M2 macrophages.
although this model does not exclude the production of
other cytokines that, along with IL-12, induce a Thl
response, such as IL-18 (Joosten et al. 2000).

Using both types ol macrophages exposed to two
diflerent sources of MTA, this study assessed the
cellular viability in polypropylene tubes. and showed
that M2 macrophages presented lower levels of cellular
viability than M1 macrophages. However, dillerences
in cell viability were small amongst culture conditions,
and viability was consistently high. Similar values lor
the test groups  (with MTA) and the control groups
(without MTA) were observed. In the literature, similar
results were reached using fibroblasts (Keiser et al.
2000, Saidon et al. 2003), osteoblasts (Koh et al. 1997,
Mitchell et al. 1999) and macrophages (Haglund et al
2003, Rezende et al. 2005).

Several studies that evaluate biocompatibility of

endodontic materials assayed macrophage adherence

and spreading (Zhu et al. 2000, Oliveira Mendes et al.
2003). MTA did not alfect either macrophage subtype
in their capacity to adhere to glass, which is consistent
with results found for osteoblasts and an osteosarcoma
cell line exposed to MTA (Koh et al. 1997, 1998, Zhu
et al. 2000),

Mineral trioxide aggregate is applied onto areas that
might be inflamed and/or inlected. and it is lundamen-
tal that it does not interlere with the host's phagocy-
tosis process. In this study, the capability ol both
macrophage subtypes to ingest Saccharomyces boulardii
was evaluated in the presence of MTA, and compared
with controls. This yeast was selected because ol its

@ 2007 International Endodontic Journal

size. which makes counting easier, and therelore allows
lor greater data precision. Neither brand of MTA
interlered with the percentage of adhered yeast cells
to macrophages or with phagocytosis ol yeast cells.
However, the number of ingested yeast cells was
greater in the M2 macrophages. Conversely, M2
macrophages in contact with zinc oxide eugenol based
material had their phagocytosis ability inhibited
(Oliveira Mendes et al. 2003). This phenomenon was
also observed by Bastos et al (2002), who found a
greater number of Trypanosoma cruzi amastigotes in M2
than in M1 macrophages.

Reactive oxygen intermediates and NO are [ree
radicals that are released by phagocytes exposed to
microbes (Marton & Kiss 2000). Both macrophages
subtypes produced  signilicant amounts ol ROI in
response o zymosan. Morcover, in accordance (o
previous report (Mosser 2003), M1 macrophages
produced greater level of RO than M2. Exposure 1o
MTA did not interlere with the peak of ROL production.
['hisis, to our knowledge, the first study in the literature
that assayed the effect of MTA on ROI production.

Considering that F. nucleatum and the P. anaerobius
are bacteria usually Tound in endodontic infections
(Sundgvist 1992, Lana et al. 2001), they were chosen
as stimuli for the production of NO. These heat-killed
bacteria were used with or without IFN-y. There was
no difference in NO production between control and
MTA and between M1 and M2 macrophages. These
results are not supported by the current literature (Mills
et al. 2000, Bastos et al. 2002, Mosser 2003). As we
have recently shown that M2 macrophages produce
higher levels of IL-10 than M1 (Rezende et al. 2005),
this production of 1L-10 might have been sullicient to
suppress ROI production, but could be insullicient to
inhibit NO production (Bogdan et al. 1991). Alternat-
ively, the higher phagoevtic capacity of M2 might have
provided a greater stimulation to these cells that to M1
macrophages.

Using the same heat-killed bacteria. arginase activity
was measured in cell lysates of M1 and M2 macroph-
age cultures. Itis known that M2 macrophages convert
t-arginine to t-ornitine and wrea and this reaction
results in cell growth and dillerentiation and collagen
production. Inn this study, MTA did not allect arginase
activity.

activity than M1 macrophages. This result agrees with

M2 macrophage presented higher arginase

current literature (Mills et al. 2000, Bastos et al. 2002,
Maosser 2003). The higher levels ol IL-10, produced by
M2 macrophage previously reported (Rezende et al
2005}, as a Th2 cytokine, inhibits the activity of type 2

International Endodontic Journal, 40, 603-611, 2007
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enzyme nitric-oxide synthase (NOS 2) and induces
arginase synthesis (Gordon 2003 ).

Conclusion

It has recently been reported that MTA does not
interlere in the cytokine response by M1 or M2
macrophages (Rezende et al. 2005). The present study
suggests that MTA did not inhibit phagocytosis. react-
ive species production and arginase activity, which are
protective responses against inlections. It is concluded
that MTA does not allect effector macrophage activities.
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3.2 MTA E A RESPOSTA IMUNE ADAPTATIVA

TRABALHO 2: “The influence of Mineral Trioxide Aggregate (MTA) on adaptive immune
responses to endodontic pathogens in mice”. Trabalho submetido a publica¢do no Journal of

Endodontics.

Objetivo: Acessar a influéncia do Agregado de Triéxido Mineral (MTA) nas respostas
imunoldgicas adaptativas.

Me¢étodos: Camundongos BALB/c foram imunizados com Fusobacterium nucleatum (Fn)
mortos pelo calor em MTA ou em adjuvantes e a resposta de IgG sérica ao Fn foi mensurada.
Tanto células T de memoria (Tm) reativas ao Fn quanto Tm reativas ao Peptostreptococcus
anaerobius (Pa) foram pre-incubadas, in vitro com ¢ sem MTA e re-estimuladas com Fn e
Pa. A proliferagao de células T e a producgdo de citocinas foram verificadas.

Resultados: Comparando com os grupos imunizados apenas com o Fn, a resposta a producao
de IgG foi aumentada quando os camundongos foram imunizados com Fn em MTA em niveis
compardveis a resposta do anticorpo IgG induzida por adjuvante de Freund ou adjuvante de
hidréxido de alumino. MTA suprimiu a proliferagdo de células T de memoria Th2 reativas ao
F. nucleatum e Thl reativas ao P. anaerobius, além de reduzir a expressao das citocinas
tipicas do subtipo Thl e Th2, IFN-y e IL-4, respectivamente; o uso do MTA resulta em pouca
ou nenhuma alteracdo na expressao de outras citocinas (TNF-a, RANKL e IL-10) pelas

mesmas células.
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Conclusdo: O MTA aumentou a resposta imunoldgica adaptativa humoral e pouco afetou a

producdo das citocinas pro- e anti-inflamatorias produzidas pelas células Tm.

-y

Capilares

com MTA

Proliferagéo Estimula

celular

IFN-gama Estimula

Concentragio dos TNF-alfa Estimula
nivis de citoinas RANKL Estimula
em baixa escala 10 BugrmE
IL-4 Sem efeito

Capilares

com MTA

Proliferagéo Suprrime

celular

IFN-gama Sem efeito
TNF-alfa Sem efeito
RANKL Sem efeito
IL-10 Sem efeito
IL-4 Suprime

Capilares
com MTA
Proliferagéo Suprime
celular
IFN-gama Suprime
TNF-alfa Sem efeito
RANKL Sem efeito
IL-10 Sem efeito
IL-4 Sem efeito
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Abstract

Aim: To assess the influence of mineral trioxide aggregate (MTA) on adaptive immune
responses.

Methods: BALB/c mice were immunized with heat-killed Fusobacterium nucleatum (Fn) in
MTA or in other control adjuvants, and serum IgG responses to Fn were measured. Either Fn-
or Peptostreptococcus anaerobius (Pa)-reactive memory T (Tm) cells were pre-incubated in
vitro with/without MTA and restimulated with Fn or Pa. T cell proliferation and cytokine
production were assessed.

Results: Compared to groups immunized with control Fn immunization alone, IgG-antibody
responses were upregulated in mice immunized with Fn in MTA at a comparable level of IgG
antibody responses induced by Freund’s adjuvant or aluminum hydroxide adjuvant. While
MTA did not affect the upregulated expression of IL-10, TNF-a or RANKL by Tm cells, it
suppressed the proliferation of Pa- or Fn-Tm cells and inhibited their production of Thl- or
Th2-signature cytokines.

Conclusion: MTA upregulated the adaptive humoral immune responses, but had little or no

effect on the pro- or anti-inflammatory cytokine production by Tm cells.
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Introduction

Bacterial infection at either gum or root sites results in the development of
inflammatory lesions of periodontal or periapical tissue, which are accompanied by the
natural infiltration of a variety of immune cells (1;2). In general, innate immune cells play an
antibacterial role at the acute stage of infection, while adaptive immune cells are committed to
eliminating bacteria at the chronic stage of infection. Adaptive immune responses, which
include antibody production and cell-mediated immune responses, are considered to be the
host protective means against bacterial infection at human periapical inflammatory lesions
(3). As the early acute stage of the periapical infectious lesion phases into the chronic stage,
bone resorption develops around the root end of a tooth, together with a corresponding
increase in the infiltration of adaptive immune cells (4).

The application of mineral trioxide aggregate (MTA) to periapical lesion caused by
bacterial infection can only be considered optimally effective if it does not compromise either
innate or adaptive immune response. Our group previously demonstrated that MTA does not
affect the activity of innate immune macrophages. More specifically, MTA did not show any
effects on the antibacterial activities of either M1- or M2-type macrophages, including
bacterial phagocytosis, reactive oxygen and nitrogen species production or arginase activity
(5). However, the effects, if any, that MTA exerts on adaptive immune cells are still to be
elucidated.

To determine the presence or absence of such effects, our experimentation was
principally based on the application of aluminum salts, which are known to be a potent
adjuvant for immunization with protein antigens. While aluminum hydroxide (Al(OH)3) is
most commonly used as an immune adjuvant, some studies showed that aluminum oxide
(Al,03) also possesses adjuvant effects (6). Aluminium hydroxide is included as an adjuvant

in some vaccines (e.g., Alhydrogel), since it contributes to induction of a good antibody
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response. However, it has little capacity to stimulate cellular immune responses, important for
protection against many pathogens (7). Very interestingly, MTA is also composed of
aluminum oxide, as well as other mineral components, such as lime (CaO) and silica (Si0O,)
(8). It has been reported that aluminum in cation form (AI’") is detected in distilled water
incubated with MTA (9). It is therefore conceivable that aluminum in the form of salt or
cation is released from MTA under physiological conditions. Based on these lines of
evidence, we were initially led to hypothesize that MTA could augment host protective
antibody responses, while suppressing tissue destructive cellular immune responses due to its
adjuvant effects by the presence of aluminum oxide (Al,Os3). To test this hypothesis, the
present study focused on assessing the influence of MTA on (1) the induction of in vivo IgG
antibody response to F. nucleatum, and (2) the cytokine production pattern of memory T cells,
which were primed by two bacteria commonly found in periapical lesions, F. nucleatum or P.

anaerobius.

Materials and Methods

MTA preparation: Angelus MTA (Odonto-l6gika, Londrina, Parana, Brazil) paste
was prepared from the mixture of MTA powder and distilled water in a sterile condition,
according to manufacturer’s instructions. By the method previously published (10), the MTA
paste was then inserted into both ends of sterilized glass capillary tubes (& = 1.2 mm; length
= 10 mm) so that the contact surface with the cell culture medium could be standardized (area

=2.26 mm?). Empty capillary tubes without MTA were used as negative controls.

Animals: BALB/c mice (6- to 8-week-old males, n=6/group) were utilized. Animals

were kept in a conventional cage and maintained at controlled ambient temperature. Food and
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water were offered to animals ad libitum. The protocol for this animal experiment was

approved by The Forsyth Institute’s animal ethics committee.

Antigen preparation: Two types of bacteria, F. nucleatum ATCC 10953 and P.
anaerobius ATCC 27337, were chosen to represent Gram-negative and Gram-positive
endodontic pathogens, respectively (11). F. nucleatum and P. anaerobius were grown in
blood agar plate (Becton, Dickinson, Franklin Lake, NJ), harvested during the log growth
phase and counted using a spectrophotometer (Thermo Spectronic Genesys, Waltham, MA) (1
OD = 8x10°CFU/mL). After re-suspension of F. nucleatum and P. anaerobius in phosphate
buffered saline (PBS), the bacteria were killed at 100°C and used as heat-killed (HK) bacterial

antigen, following a previously published method (12).

Immunization with bacterial antigens: (A) Immunization with F. nucleatum for
examination of IgG antibody response. A total of 4 groups of BALB/c mice (6- to 8-week-
old males, n=6/group) were immunized with heat-killed F. nucleatum (3x10® CFU/mouse, s.c.
injection) in a mixture of 1) PBS, 2) Freund’s adjuvant (Difco Laboratories, Detroit, MI), 3)
aluminum hydroxide adjuvant (Alum) (Sigma, St. Louis, MO), or 4) MTA (100mg/mL) every
two weeks, for a total of two immunizations (see Fig. 1 B). A third booster immunization was
carried out by an injection (s.c.) of heat-killed F. nucleatum suspended in PBS alone, two
weeks after the second immunization. In particular, for the group receiving Freund’s adjuvant,
Freund’s complete adjuvant and Freund’s incomplete adjuvant were used for primary and
secondary immunizations, respectively. Otherwise, the same composition of Alum or MTA
was used for primary and secondary immunization. Blood was collected on days 0, 14, 28 and
32 and serum obtained. IgG antibody reactions to F. nucleatum present in the blood serum

specimens were determined by ELISA, as described below (timetable is shown in Fig. 1 B).
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(B) Immunization with F. nucleatum and P. anaerobius for examination of bacterial
antigen-specific memory T cell response. In order to develop antigen-specific memory type
T cells, two groups of animals were immunized with 1) heat-killed F. nucleatum or 2) heat-
killed P. anaerobius, following the same protocol as described above for the analysis of
serum antibody reaction. Two days after booster injection with F. nucleatum or P. anaerobius
suspended in PBS alone, these animals were sacrificed, and mononuclear lymphocytes were
isolated from the cervical and auxiliary lymph nodes so that memory T cells specific to F.

nucleatum or P. anaerobius could be primed in vitro, as described below.

Measurement of serum IgG antibody responses to bacterial antigens using
ELISA: The wells of ELISA plates were coated with heat-killed F. nucleatum and heat-
killed P. anaerobius in 0.2M sodium bicarbonate buffer (pH 9.6) and incubated at 4°C
overnight. To optimize the assay system, previous baseline experiments set the concentration
of heat-killed F. nucleatum and heat-killed P. anaerobius at 10’CFU/mL. The wells of ELISA
plates were subjected to blocking with 1% bovine serum albumin (Sigma) and 1% sucrose
(Sigma) in PBS supplemented with 0.05% Tween 20 (PBST). Blood serum diluted in PBST
was incubated in the wells of ELISA plates for 1 hour at room temperature. Then, each well
was reacted with horseradish peroxidase (HRPO)-conjugated anti-mouse IgG (Sigma) for 1
hour at room temperature. O-Phenylenediamine dihydrochloride (OPD; Sigma) in 0.1M
citrate buffer solution (pH 5.5) supplemented with 2pL/mL of 30% H,O, was applied as a
substrate. Colorimetric reaction developed in the wells of ELISA plates was halted by
addition of 2N H,SO4, and color densities were measured using a plate reader at OD 490 nm
(Biokinetics reader EL312e; Bio-Tek Instruments, Winooski, VT). The results were expressed

as optical density of the immunoglobulin isotype tested.
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Naive T cell culture: Lymph node cells from BALB/c mice were recovered and
passed through a nylon- and glass-wool column to enrich T cells (~90% pure) (13). These T
cells (10°cells in 1mL) were cultured for 3 days in the presence or absence of MTA-filled
glass capillaries in RPMI 1640 medium, supplemented with 10% fetal bovine serum
(Invitrogen, Grand Island, NY); 50uM of B-mercaptoethanol; antibiotics, including penicillin,
streptomycin and gentamicin (Invitrogen); and L-glutamine in a 24-well plate (Corning, New
York, NY). The T cells recovered from pre-incubation in the 24-well plate were restimulated
for an additional 3 days in wells of a 96-well plate (2x10°cells/well). The wells had previously
been coated with monoclonal antibody (mAb) specific to TCR B-chain (6pg/mL; clone: H57-
597) (Pharmingen, San Diego, CA), either with or without anti-CD28 mAb (2pug/mL, clone:
37.51) (Pharmingen). Cytokines produced in the culture supernatant on day 3 and
proliferation of T cells in the last 16 hours of a total 4-day culture were verified using ELISA

and ["H]-thymidine incorporation assay, respectively.

Memory T cell culture: T line cells specific for F. nucleatum and P. anaerobius were
developed from lymph nodes of animals immunized with heat-killed F. nucleatum and heat-
killed P. anaerobius in Freund’s adjuvant following the protocol used for serum IgG antibody
induction. T cells were enriched from the mononuclear cell suspension isolated from lymph
nodes by passing them through a nylon wool and glass wool column (13). T cells (10°
cells/mL) were first primed in vitro with Mitomycin C (Sigma) (MMC)-treated spleen antigen
presenting cells (APC) (2x10° cells/mL) and F. nucleatum or P. anaerobius (10’ CFU/ml) in
RPMI 1640 medium supplemented with 10% FBS. After incubation for 1 week, T cells which
proliferated in response to each bacterial antigen presentation were separated by gradient
centrifugation using Histopaque 1083 (Sigma), and the memory phenotypes were examined

using flow cytometry. These in vitro-primed memory T cells were restimulated with or
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without MTA capillaries in the presence of MMC-treated APC (2x10° cells/mL) and F.
nucleatum or P. anaerobius (10’ CFU/mL) in a 24-well plate for an additional 3 days. These
MTA-exposed T cells were examined for their reactivity to respective bacterial antigen
presentation. Briefly, the T cells were again isolated from APC by gradient centrifugation
and stimulated (2x10° cells/well) with fresh MMC-treated APC (4x10° cells/well) in the
presence or absence of F. nucleatum or P. anaerobius (2x10° CEU/well) in a 96-well plate
(Corning) for 3 days. Culture supernatant isolated on day 3 was subjected to cytokine
measurement using ELISA. The proliferation of T cells was evaluated by their incorporation
of [’H] - thymidine (0.5 uCi/well), which was applied during the last 16 hours of a total 4-day

culture.

Flow cytometry analysis: In order to evaluate the memory T cell phenotypes, the in
vitro-primed T cells were incubated with anti-CD4 mAb (clone: YTS191.1, Serotec, Raleigh,
NC), anti-CD44 mAb (clone: IM7, Pharmingen), followed by FITC-labeled donkey F(ab’),
anti-rat [gG (Jackson ImmunoResearch, West Grove, PA). Fluorescence data were collected
using logarithmic amplification on an EPICS™ Altra flow cytometer (Beckman Coulter,

Fullerton, CA).

[*H]-thymidine incorporation assay: The protocol for the measurement of T cell
proliferation followed our previously published method (13). Briefly, after collection of the
culture supernatant for ELISA on day 3, [*H]-thymidine (0.5 uCi/well) was applied to the T
cell culture and incubated overnight (16 hours). Radioactivity incorporated into the
lymphocytes was determined using a Tri-Carb liquid scintillation analyzer (model 2100TR;

Packard, Meriden, CT).
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Cytotoxicity assay: The freshly isolated lymph node T cells or spleen mononuclear
cells (2x10° cells/mL, respectively) were incubated in a 24-well plate in the presence of a
capillary filled with or without MTA for 24 hours. Cell death induced during the 24-hour
incubation was measured by CytoTox-96"" Non-Radioactive cytotoxicity assay (Promega,
Madison, WI). The CytoTox-96 assay quantitatively measures lactate dehydrogenase (LDH),
a stable cytosolic enzyme that is released upon cell lysis in the same manner as >'Cr is
released in a conventional radioactive-based cytotoxicity assay. The control cells incubated in
medium alone were all killed after a 24-hour incubation by addition of a Lysis Solution
(Promega) and provided a LDH-positive control (100% cell death). The rate of cell death
induced by a capillary filled with or without MTA was calculated and expressed as (% cell

death) based on the LDH-positive control.

Cytokine ELISA: Cytokine detection was measured in the culture supernatant using
commercially available ELISA kits: IFN-y (Duoset™, R&D Systems, Minneapolis, MN);

TNF-a, IL-10, and RANKL (Peprotech, Rocky Hill, NJ) and IL-4 (Pharmingen).

Statistical analysis: All in vitro assays were carried out in triplicate. Data were
analyzed using parametric Student’s #-test. The results were considered significant when

2<0.05.

Results

Effect of MTA on IgG antibody response: Immunization with heat-killed F.
nucleatum in MTA upregulated IgG antibody to F. nucleatum compared to the group
immunized with heat-killed F. nucleatum in control PBS (Fig. 1). As we expected,

immunization with heat-killed F. nucleatum in Freund’s adjuvant or in aluminum hydroxide
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(Alum) adjuvant upregulated the IgG antibody to F. nucleatum (Fig. 1). These results
suggested that MTA possesses adjuvant effects in the induction of IgG antibody responses

against F. nucleatum.

Lack of cytotoxicity to lymphocytes by MTA: In order to evaluate the possible
cytotoxic effects of MTA on the adaptive immune cells, 1) mononuclear cells isolated from
spleen, which contain about 35% T cells and 60 % B cells, and 2) naive T cells isolated from
lymph nodes of BALB/c mice were incubated with or without MTA. The level of cell toxicity
measured at 24 hours after MTA exposure is shown as % cell death in comparison to the
positive control of 100% cell death that was induced by lysis of all cells in a well after 24
hour incubation in medium alone (Fig. 2 A, naive T cells; B, spleen mononuclear cells). B
cells are, by their own nature, more prone to die by apoptosis in the regular in vitro culture
condition. Therefore, as expected, spleen cells which contain not only naive T cells, but also
B cells (Fig. 2 B), showed a higher percentage of cell death than the group of naive T cells
(Fig. 2 A). Most importantly, the presence of MTA did not affect cell death of lymphocytes

induced in the in vitro culture, indicating that MTA is not cytotoxic to lymphocytes.

Effect of MTA on memory T cells: The memory T cells reactive to F. nucleatum or
P. anaerobius from immunized BALB/c mice were tested for specificity by proliferation and
cytokine expression in response to specific bacterial antigen. F. nucleatum-reactive memory T
cells did not show proliferation to P. anaerobius-antigen presentation, and P. anaerobius-
reactive memory T cells proliferation did not respond to F. nucleatum-antigen presentation
(not shown). Also, flow cytometry results indicated that both F. nucleatum- and P.
anaerobius-reactive memory T cells express CD44 (c.a. 90% of total of each T cells) and

CD4 (c.a. 60% of total of each T cells)(data not shown). Both F. nucleatum- and P.
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anaerobius-reactive BALB/c memory T cells showed increased proliferation (Fig. 2C and D).
Expression of cytokines in response to antigen (Fig. 3A and F, I[FN-y; B and G, TNF-a; E and
J, IL-10) was also examined in memory cells. F. nucleatum-reactive memory T cells
presented high IL-4 and low IFN-y expression, whereas P. anaerobius-reactive memory T
cells produced high IFN-y and low IL-4 levels. Both memory T cell subsets showed elevated
RANKL expression when they were incubated with APC, irrespective of the presence of
bacteria (Fig. 3C and H). Having established these basal proliferation patterns and cytokine
expression profiles by F. nucleatum- and P. anaerobius-reactive memory T cells, the
influence of MTA could then be evaluated for the basal responses of these memory type T
cells to their specific-antigen presentation.

The exposure of BALB/c memory T cells to MTA suppressed the antigen-specific
proliferation of both F. nucleatum- and P. anaerobius-reactive memory T cells (Fig. 2C and
D). MTA exposure also inhibited IL-4 production by F. nucleatum-reactive memory T cells
(Fig. 3D) and inhibited IFN-y production by P. anaerobius-reactive BALB/c memory T cells
(Fig. 3F). However, exposure to MTA did not affect the expression of RANKL, TNF-a and
IL-10 by antigen-stimulated BALB/c memory T cells (Fig. 3B, C and E, F. nucleatum-
reactive memory T cells; G, H and J, P. anaerobius-reactive memory T cells). These results
therefore indicate that MTA exerts most of its influence on the T cell growth factors (IFN-y
and L-4), while the expression of the inflammatory cytokine, TNF-a., the bone destructive
cytokine, RANKL, and the anti-inflammatory cytokine, IL-10, all remained unaffected by
MTA. This lack of influence of MTA on the expression of RANKL, TNF-a and IL-10 by
these two different types of memory T cells indicates that MTA may have no effects on the

inflammation mediated by memory T cells in the context of periapical lesions.
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Effect of MTA on the Naive T cell reactions to TCR/CD28 activation: In addition
to memory type T cells, which appear to be the predominant T cells in periapical lesions (4),
naive T cells may also be involved in the process of cell-mediated immune responses to
pathogens present in the root canal system. Therefore, the present study also examined the
influence of MTA on the activity of naive T cells, including the effects of MTA exposure on
the proliferation of naive T cells in response to TCR/CD28 activation, as well as their
cytokine expression pattern. First, in terms of proliferation, naive T cells stimulated with
TCR/CD28 showed an incorporation of [*H]-thymidine level which was comparable to that
demonstrated by the proliferation of Th1- and Th2-type memory T cells (not shown).
However, in contrast to the memory type T cells, where MTA suppressed the antigen-specific
proliferation, the pre-exposure of MTA slightly increased TCR/CD28-mediated proliferation
of naive T cells compared to the control naive T cells cultured without MTA (not shown).
Second, while naive T cells and Th1- or Th2-type memory T cells were applied in equal
numbers to the respective proliferation assay, naive T cells stimulated with TCR/CD28
showed significantly lower expression of all examined cytokines, including IFN-y, IL-4, IL-
10, TNF-o and RANKL, than the Thl- or Th2-type memory T cells activated with their
specific antigens (Fig. 3K, L, M, N and O). Although pre-exposure of MTA slightly increased
IFN-y, TNF-a and RANKL expression by TCR/CD28-activated naive T cells (Fig. 3, K, L
and M; see the inset figures with magnified scale), the expression level of these three

cytokines was still negligibly lower than that expressed by the two types of activated memory

T cells.

Discussion
Periapical lesions are characterized by inflammation in the connective tissues

accompanied by bone destruction around the infected root-end of teeth (4;14). The cellular
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infiltration of the periapical lesion has been characterized by a variety of cell types, mainly
represented by macrophages and T and B lymphocytes (15;16). MTA is applied to the end of
an infected tooth root canal where it is directly in contact with host immune cells infiltrating
the inflammatory lesions of periapical connective tissues. Therefore, it is plausible that
immune responses at the periapical lesions could be influenced by the presence of this
endodontic material. The effects of MTA on cytokine expression by host immune cells in
response to endodontic pathogens had not previously been addressed until we reported the
influence of MTA on cytokine production by bacteria-stimulated mouse macrophages (17).
Based on this study, it was observed that MTA did not affect TNF-a, IL-12 and IL-10
cytokine production by M1 or M2 macrophages under the conditions used in the present
study, i.e., F. nucleatum and P. anaerobius stimulation (17). Since the influence of MTA on
innate immune scavenger cells, or macrophages, had been previously addressed, it was
intriguing to evaluate its potential effects on adaptive immune responses, including T cell and
B cell responses. Accordingly, the present study demonstrated that MTA appears to only
minimally affect memory T cell activity to specific bacterial antigen presentation. However,
we originally hypothesized that MTA might increase adaptive immune response because one
of its components, aluminum oxide, is reported to possess adjuvant effects. In terms of B cell-
mediated humoral responses, this hypothesis was confirmed by IgG antibody responses to F.
nucleatum which were upregulated by the presence of MTA.

Aluminum salt has been used as a vaccine adjuvant to induce antibody responses to
bacteria such as Corynebacterium diphtheriae, Clostridium tetani, Pertussis, Haemophilus
influenzae type b, Pneumococcus conjugates, and HeP. anaerobiustitis A and B (18). F.
nucleatum immunization in the presence of MTA resulted in upregulation of IgG antibody
responses to the bacterium to an extent comparable to F. nucleatum immunization in PBS.

Since [gG-positive cells represent 70% of the immunoglobulin-producing cells in periapical
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granulomas and radicular cysts (19), it is conceivable that locally produced IgG antibody in
association with the use of MTA could, in fact, contribute to antibacterial activity in
periapical lesions. In other words, to the extent that sustained IgG antibody response repels
bacterial infection and thus retains the host antimicrobial responses at the periapical lesions,
the overall MTA effect on IgG antibody response, as indicated above, should benefit the host.

In terms of the influence of MTA on naive T cells, the present study demonstrated that
MTA increased the production of RANKL, IFN-y and TNF-a by TCR/CD28-activated naive
T cells. However, such increased amount of cytokine production by TCR/CD28-activated
naive T cells in the presence of MTA was negligibly lower than the same cytokines produced
by memory T cells, whereas both naive and memory T cells showed comparable levels of
proliferation. It is plausible that both inflammatory and anti-inflammatory cytokines derived
from activated memory T cells would more prominently affect periapical lesions than those
same cytokines derived from naive T cells, supported by the report that majority of T cells in
the periapical lesion is memory type T cells (4).

We addressed whether MTA could alter the expression level of pro- and anti-
inflammatory cytokines by either F. nucleatum- or P. anaerobius-reactive memory T cells.
Significantly, MTA suppressed the proliferation of these two different types of memory T
cells along with the diminished expression of T cell growth cytokine, IL-4 or IFN-y, for F.
nucleatum- or P. anaerobius-reactive memory T cells, respectively. Even though both types
of memory T cells expressed IL-10 and RANKL (TNF-a only for P. anaerobius-reactive
memory T cells), it is significant that MTA, under the conditions tested, was not observed to
alter the expression of these anti-inflammatory and bone destructive cytokines. It is
noteworthy that IL-10"" mice had significantly greater infection-stimulated bone resorption in
vivo compared with wild-type mice, which indicates that this cytokine may be engaged in the

down-modulation of this process (20). The fact that MTA did not interfere with the
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production of anti-inflammatory and bone destructive cytokines from memory T cells
contradicted to our original hypothesis. Since MTA did not alter the RANKL expression from
memory T cells, it is intriguing to test if MTA can influence the osteoclastogenesis induced
by such RANKL produced from memory T cells in the context of periapical lesion. This

question of MTA’s effects on osteoclastogenesis will be addressed in our future study.

In summary, the results of the present study have demonstrated that 1) MTA
upregulated the IgG antibody responses, 2) MTA suppressed proliferation of F. nucleatum-
reactive and P. anaerobius-reactive memory T cells and reduced their expression of T cell
growth cytokines, IL-4 and IFN-y, respectively, and 3) MTA use results in little or no
alteration of the other cytokine expression (TNF-a, RANKL and IL-10) by F. nucleatum-
reactive and P. anaerobius-reactive memory T cells. These results indicated that MTA’s
influence on adaptive immune response still favors to the host in the context of periapical

lesion caused by bacterial infection.
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Figure Legends:
Figure 1: Influence of MTA on IgG antibody response to endodontic pathogen
immunization (A). BALB/c mice received immunizations with heat killed-F. nucleatum in
PBS (Fn+PBS), heat killed-F. nucleatum in Freund’s adjuvant (Fn+Freund’s), heat killed-F.
nucleatum in aluminum hydroxide adjuvant (Fn+Alum) or heat killed-F. nucleatum in MTA
(Fn+MTA). MTA injection alone without bacteria was used as control. The schedule for
immunization is indicated in the diagram inserted in the figure (B). Column and bar indicate
the mean and SD of relative IgG titer value from six different mice, respectively. The methods
to measure IgG antibody are described in the materials and methods section.
* indicates that the value of the column is statistical different than the value of heat killed-F.
nucleatum in PBS group, in the same day, by #-test (p<0.01).
# indicates that the value of the column is statistically higher than the same group in day 0, by

t-test (p<0.05).

Figure 2: Effects of MTA on isolated lymphocytes incubated in vitro. Lack of
cytotoxicity to lymphocytes by MTA (A and B): Freshly isolated lymph node T cells (A) or
spleen mononuclear cells (B) (2x10° cells/mL, respectively) were incubated in a 24-well plate
in the presence capillary filled with or without MTA for 24 hours. Cell death induced during
the 24-hour incubation was measure by CytoTox-96"" Non-Radioactive cytotoxicity assay. #
indicates no statistical differences between the groups with and without MTA. Effects of
MTA on proliferation of bacteria-specific memory T cells (C and D): F. nucleatum-
reactive memory T cells (C) and P. anaerobius-reactive memory T cells (D) were established
from BALB/c mice. These bacterial-reactive memory T cells were pre-incubated with or

without MTA in the presence of respective bacterial antigen and APC for 3 days. After pre-
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incubation, the T cells were re-stimulated with respective bacterial antigen and APC for 4
days. Proliferation of bacterium-specific memory T cells was measured. Column and bar
indicate the mean and SD of triplicates, respectively, of one representative experiment.
Abbreviations: Fn, F. nucleatum; Pa, P. anaerobius. Column and bar indicate the mean and
SD of triplicates, respectively. This figure shows one representative result out of a total of 3
experiments. * indicates that the mean number of the histogram column is statistically higher
than control empty capillaries by #-test (»<0.05). ® indicates the statistical differences between

the two columns connected with brackets by #-test (»<0.05).

Figure 3: Effects of MTA on cytokine production by bacteria-specific memory T cells
and naive T cells. F. nucleatum-reactive memory T cells and P. anaerobius-reactive memory
T cells were established from BALB/c mice. These bacterial-reactive memory T cells were
pre-incubated with or without MTA in the presence of respective bacterial antigen and APC
for 3 days. After pre-incubation, the T cells were re-stimulated with respective bacterial
antigen and APC for 4 days (A-E, F. nucleatum-reactive memory T cells; F-J, P. anaerobius-
reactive memory T cells). Otherwise, naive T cells isolated from lymph nodes of BALB/c
mice (K-O) were pre-incubated with or without MTA for 3 days. After pre-incubation, T cells
were activated with immobilized anti-TCR MADb and anti-CD28 MAb for 4 days. Production
of cytokines, including IFN-y, TNF-a, RANKL, IL-4 and IL-10 by TCR/CD28-activated T
cells, were measured in the culture supernatant. Column and bar indicate the mean and SD of
triplicates, respectively. As to the figures for cytokine expression profile of naive T cells (K-
0), the inserted figures show the magnified y-axis scale for the detected amount of cytokines,
while the y-axis of external figures keep the same scale as the one used for memory T cells. In

other words, the insert and external figures for naive T cells show the same data in different
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scales. Abbreviations: Fn, F. nucleatum; Pa, P. anaerobius. Column and bar indicate the
mean and SD of triplicates, respectively. This figure shows one representative result out of a
total of 3 experiments. * indicates that the mean number of the histogram column is
statistically higher than control empty capillaries by z-test (p<0.05). ¢ indicates the statistical

differences between the two columns connected with brackets by #-test (p<0.05).
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3.3 MTA E A REABSORCAO OSSEA

TRABALHO 3: “Influence of Mineral Trioxide Aggregate (MTA) on RANKL-mediated

osteoclastogenesis and osteoclast activation”. Trabalho em preparacgao.

O agregado de trioxido mineral (MTA) ¢ utilizado como material retroobturador em 4apices radiculares
infectados, onde a reabsor¢do Ossea inflamatoria é causada pela osteoclastogénese mediada pelo
ligante do receptor ativador do NF-k B (RANKL). O objetivo deste estudo foi verificar os efeitos do
MTA na reabsor¢do 6ssea dependente de osteoclastos mediada por RANKL, incluindo a diferenciagéo
dos precursores em osteoclastos maduros ¢ a atividade destes osteoclastos. Dois tipos de precursores
osteoclasticos, linhagem de células RAW264.7 (RAW) e células da medula 6ssea (com M-CSF
adicionado), foram estimuladas com ou sem RANKL recombinante (rRANKL) na presenga ou
auséncia de MTA por 6 a 8 dias. A influéncia do MTA nestes dois precursores osteoclasticos foi
medida por: nimero de células multinucleadas positivas para fosfatase acida resistente a tartarato

(TRAP) (RAW e células da medula), atividade de TRAP (RAW), expressdo do gene da
Catepsina K (RAW) e formagéo de areas de reabsor¢do (RAW). Em ambas as células, o nimero de
osteoclastos TRAP-positivos induzidos por rRANKL foi significativamente inibido pela presenca do
MTA quando comparado ao controle (p<0,05), juntamente com a atividade da enzima TRAP
(p<0,05) e da expressdo génica da Catepsina K (p<0,05). Em contraste com o controle, a area de
reabsor¢ao dentinaria foi significativamente menor nas culturas de osteoclastos maduros incubados
com o MTA (p<0,05). Baseado nos indicadores acima, o MTA suprimiu significativamente a
osteoclastogénese mediada por RANKL ¢ a atividade dos osteoclastos, parecendo ser capaz de

suprimir eventos de reabsor¢do dssea em lesdes periapicais.
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Abstract

MTA is used as root-end filling material for bacterially infected root apex where
inflammatory bone resorption is caused by receptor activator NF-x B ligand (RANKL)-
mediated osteoclastogenesis. The aim of this study is to assess the effect(s) of MTA on in
vitro RANKL-mediated osteoclast dependent bone resorption events, including differentiation
to mature osteoclasts from their precursors and osteoclast activity. Two types of osteoclast
precursors, RAW264.7 (RAW) cell line or bone marrow cells (with M-CSF added), were
stimulated with or without recombinant (r) RANKL with or without MTA for 6 to 8 days.
Influence of MTA on these types of osteoclast precursors were measured by number of
differentiated tartrate-resistant acid phosphatase (TRAP)-positive multinuclear cells (RAW &
bone marrow cells), TRAP enzyme activity (RAW), Cathepsin K gene expression (RAW) and
resorptive pit formation (RAW) by mature osteoclasts. In bone marrow and RAW cells, the
number of TRAP-positive mature osteoclast cells induced by rRANKL was significantly
inhibited by the presence of MTA compared to control rRANKL stimulation without MTA
(p<0.05), along with the reduction of TRAP enzyme activity (p<0.05) and the low expression
of Cathepsin K gene (p<0.05). In contrast to control mature osteoclasts incubated, the
resorption area on dentin was significantly decreased for mature osteoclasts incubated with
MTA (p<0.05). Measured by the indicators above, MTA significantly suppressed RANKL-
mediated osteoclastogenesis, osteoclast activity and, therefore, appears able to suppress bone

resorptive events in periapical lesions.
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Introduction

Periapical lesions are destructive inflammatory pathologies and immune response
against microorganisms that affect the periapical periodontum. They are characterized by
periradicular periodontal ligament and bone destruction as a consequence of bacterial
infection of the dental pulp (Stashenko et al., 1998). Diverse inflammatory mediators -
interleukin (IL)-1, IL-2, IL-6, IL-8, IL-12, tumor necrosis factor (TNF)-alpha, granulocyte-
macrophage colony stimulating factor (GM-CSF), nitric oxide (NO), interferon (IFN)-gamma,
prostaglandins, and metalloproteinases - have been associated with periradicular lesions
(Stashenko et al., 1998; Kawashima and Stashenko, 1999).

Receptor Activator of Nuclear factor Kappa B (RANK), a hematopoietic surface
receptor, has been identified as a key regulator of bone (Lacey ef al., 1998) and calcium
metabolism. RANK ligand (RANKL) is a protein produced by osteoblasts, cells of bone
stroma and by activated T lymphocytes (Vernal et al., 2006) and it is classified into the
superfamily of TNF and TNF receptor. RANKL is a cytokine involved in both the
physiological and pathological regulation of osteoclastogenesis and osteoclast activation
(Takahashi et al., 1999). The activation of RANK by its ligand leads to the expression of
osteoclast-specific genes during differentiation, the activation of resorption by mature
osteoclasts, and their survival and participation in new rounds of bone degradation at

neighboring sites (Zhang et al., 2001).

Mineral Trioxide Aggregate (MTA) is a root-end filling material developed by
Mahamoud Torabinejad (Torabinejad et al., 1993) as a powder composed by tricalcium
silicate, bismuth oxide, dicalcium silicate, tricalcium aluminate, tetracalcium aluminoferrite,
and calcium sulfate dehydrate. MTA was first developed in a gray color but recently, the
white-colored formula that lacks the tetracalcium aluminoferrite has became available

(Camilleri et al., 2005). Bios MTA present only little differences comparing with Angelus
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MTA. It presents a higher percentage of aluminum oxide and free CaO and it contains a
plastification in the liquid. As a root-end filling material, MTA is used for bacterially infected
root apex where inflammatory bone resorption is caused by RANKL-mediated
osteoclastogenesis (Vernal et al., 2006). In our previous work, we observed that MTA did not
affect the RANKL production by Fusobacterium nucleatum (Fn) and Peptostreptococcus
anaerobius (Pa )-reactive memory T cells from BALB/c mice (unpublished data).

Despite the good clinical results, including mineralized tissue formation which
results in periapical lesions repair, obtained with the MTA use (Camilleri and Pitt Ford,
2006), little is known about how this process happens. One hypothesis is that some released
elements from MTA on the periapical area can stimulate the osteoblast activity while inhibit
the osteoclast activity. Atomic spectroscopy analysis of distillated water incubated with MTA,
per 72 hours, reveals that the highest ions released were represented by aluminum and
calcium in this solution (Tomson et al., 2007). The aim of this study was to assess the in vitro
effect(s) of MTA on the osteoclasts, analyzing the osteoclastogenesis and the osteoclast
function in the presence of MTA and to propose the Ca™ and Al™ mechanism for these

effects.

Materials and methods

MTA preparation: White Angelus MTA and Bios MTA (Odonto-16gika,
Londrina, Parand, Brazil) was prepared in accordance with manufacturers’ instructions in
sterile conditions. After preparation, MTA was inserted into the tips of previously sectioned
and sterilized capillary tubes (test group), so that the contact surface with the cell suspension
could be standardized (area = 0.50mm?” and 0.01mm? for the cultures realized in 24-well plates

and 96-well plates respectively). Empty capillary tubes were used in control cultures

(Rezende et al., 2005).
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Animals: Male and female BALB/c were used. Animals were kept in a
conventional cage and maintained at controlled ambient temperature. Food and water were
offered to animals ad libitum. The protocol for this animal experiment was approved by The
Forsyth Institute’s animal ethics committee.

RAW cells culture: Non-confluent culture of RAW264.7 osteoclast precursor
(RAW) cell line were harvested and cultured with minimum essential medium eagle alpha
modification (alpha-MEM) (Sigma, St. Louis, MO) supplemented with 2.2G/L of Na
bicarbonate (Sigma), 15% of fetal calf serum (Altana, Lawrenceville, GA), 1% of
penicillin/streptomycin (1000U/mL) (Invitrogen, Grand Island, NY), 1% of MEM amino
acids solution (Invitrogen), 1% of L-glutamine (Invitrogen) and 0.1% of gentamycin
(Invitrogen). Cells (2x10*cells) were cultured in a 24-well plate (Corning, New York, NY)
with capillaries with or without MTA, per 24 hours for cell viability assay. To observe
osteoclast differentiation, 100ng/mL of recombinant (r) RANKL (Peprotech, Rock Hill, NJ)
was added in this culture and every 3 days, half of medium and rRANKL (Peprotech) were
changed and the culture was stopped on days 5, 6 and 8. The RNA extractions were harvested
after 48h of cell incubation. To verify the effect of aluminum and calcium released by MTA
in the osteoclastogenesis, RAW cells were incubated with/without 40pg/mL of Aluminum
oxide, 99.99% (Sigma) and Calcium oxide Reagent Plus, 99.99% (Sigma), with/without
rRANKL (Peprotech) per 7 days.

Bone marrow cells culture: Bone marrow cells were recovered by flushing
Dulbecco’s modified Eagle medium (DMEM) (Invitrogen) supplemented with 0.0001% of
gentamycin (Invitrogen) and 0.002% fungizone amphotericin B (Invitrogen) in the marrow
space of femur and tibia of BALB/c mice. Culture was washed twice with DMEM
(Invitrogen) and separated from blood cells and lymphocytes by histopac 1083 (Sigma).

Culture was washed twice in alpha-MEM medium (Sigma) supplemented as above. Cells
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(2.5x10%cells/mL) were cultured with 100ng/mL of rRANKL (Peprotech), 10ng/mL of rM-
CSF (Peprotech) and capillaries with or without MTA, per 6 days. Half of medium was
changed on day 3 by replacing half new medium and new rM-CSF (Peprotech) and rRANKL
(Peprotech).

MTT assay: Half of medium was removed from the culture and it was incubated
with MTT solution (Sigma) in incubator, per 4 hours. 0.04N HCI in isopropanol was added in
the culture and the formazan crystals were dissolved by pipetting. The culture was transferred
to a 96-well plate (Corning) and color was read in ELISA reader (Biokinetics reader, Bio-tek
instruments, Winooski, Vermont, USA) at 575nM. The results were expressed in optical
density after reduced the blank’s optical density.

Tartrate-resistant acidic phosphatase (TRAP) stain: Cells were fixed with 5%
formalin-saline, per 20 minutes. Then, cells were washed with PBS, 4 times and incubated
with Trap 150mM tartrate (pH 5.5), per 2 hours, at room temperature. Acid phosphatase
substrate was applied in the culture and it was incubated per 2 hours, to develop red color.
Methyl green was used to counterstain cell nuclei. Differentiated osteoclasts were identified
as tartrate-resistant acid phosphatase (TRAP) positive cells with three or more nuclei. Each
well of 24-well plate was divided in four quadrants and differentiated osteoclasts cells of one
of these quadrants were counted while for the cultures realized in the 96-well plate the
number of these cells were counted in the totality of the well (Kawai et al., 2000).

TRAP activity: Twenty five microlitres of lysed cells and a standard curve of
TRAP (Sigma) enzyme were incubated with 225uL. TRAP buffer (150mM tartrate buffer and
2mM MgCl,) and Img/mL of phosphatase substrate (Sigma), per 90 minutes. To stop the
reaction S0uL of 2N NaOH was added to the plate and the optical density was observed in the

ELISA reader (Biokinetics reader, Bio-tek instruments) (405nm).
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Reverse transcriptase-polymerase chain reaction (RT-PCR): Total RNA was
extracted from RAW cells after 48 hours of incubation with or without rRANKL (Peprotech)
and MTA using RNA-Bee (Tel-Test, Friends Wood, Texas). One micrograms of cDNA was
reversed transcribed using SuperScript' ™ II RT (Invitrogen), 0.1M DTT (Invitrogen) and
25mM dNTP (TaKaRa Bio Inc., Otsu, Shiga, Japan). cDNA was amplified using the TaKaRa
Ex Taq System (TaKaRa Bio Inc.). Sequences of specific primer sets were as follows:  actin
(house keeping gene): sense 5’-GACGGGGTCACCCACACTGT-3’, anti-sense 5°-
AGGAGCAATGATCTTGATCTTC-3’; Cathepsin K: sense 5°-
CTGAAGATGCTTTCCCATATGTGGG-3’, anti-sense 5°-
GCAGGCGTTGTTCTTATTCCGAGC-3’. An optimized protocol of thermal cycling was
used: 94°C for 2min, followed by 35 cycles of 98°C for 10s, 50°C for 30s, and 72°C for 60s,
and final extension at 72°C for 7min. PCR products were separated in 1.5% agarose gels and
stained with ethidium bromide (Sigma). The results were expressed as a ratio between the
optical densitometry of Cathepsin K gene expression signal/B-actin gene expression signal,
using the NIH image software analyser.

Pit Formation assay: RAW cells were cultured as described above with
100ng/mL of rRANKL (Peprotech) in a plate coated with type I collagen rat tail (BD
Biosciences Bedford, MA) and 0.02N acetic acid (Fisher, Trenton, NJ), until the osteoclasts
cells were differentiated. Cells were harvested with tripsin-EDTA (Invitrogen) and the
cellular concentration adjusted to 4x10°cells/well. The cells were applied onto dentin slices
(Immunodiagnostic systems, Boldon, UK), with 100ng/mL of rRANKL (Peprotech) and
capillaries with or without MTA. After osteoclast differentiation, dentin slices were stained
with toluidine blue 1% (Fisher). Four pictures were taken from each group and resorpted pit
area was counted in these pictures using the NIH image software analyser at a 100-fold

magnification.
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Statistical analysis: The experiments were repeated 3 times. Data were analyzed
using parametric Student’s #-test, of one representative experiment. The results were

considered significant when p<0.05.

Results

Effect of MTA on osteoclast differentiation induced by rRANKL in RAW
and bone marrow cells: First, the effect of MTA on the osteoclast precursor cell line
RAW?264.7 viability was observed. MTA did not affect RAW264.7 cells viability, by MTT
assay, when compared to the control group (Figure 1A). Same results of RAW cell’s viability
were observed when 2 MTA-filled capillaries were used (data not shown). A model of
osteoclastogenesis induced by rRANKL was used to verify the effect of MTA on the
osteoclast differentiation. The addition of rRANKL into the RAW264.7 (Figure 1B and
photos J-O) and BALB/c bone marrow (Figure 1C and photos D-I) cells culture medium
increased the number of osteoclast differentiated cells (p<0.05). MTA did suppress the
number of TRAP-positive mature osteoclast cells induced by rRANKL, in both RAW264.7
cells (Control: 302 cells+33.17, Angelus MTA: 213.17 cells+34.52*, Bios MTA: 175.17
cells+20.35%*, *different from control by Student's #-test, p<0.05) and bone marrow cells
(Control: 219.33 cells=11.02, Angelus MTA: 168 cells£30.61*, Bios MTA: 183 cells+£15.28%*,
*different from control by Student's #-test, p<0.05). Same results were, also observed, when
these cells were cultured with 2 MTA-filled capillaries (data not shown). The suppression of
TRAP-positive stain cells in RAW264.7 cells culture by MTA was observed since day 5 to
day 8 (Figure 1P). In all incubation time points, cultures with MTA presented lower number
of osteoclast cells. On day 8, Bios MTA significantly decreased the number of TRAP positive
cells when it was compared with Angelus MTA (Angelus MTA: 53 cells=1.41, Bios MTA:

27.33 cells+3.06*, *different by Student's #-test, p<0.05). Despite this MTA effect on the
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osteoclastogenesis, when the number of nuclei/osteoclast cell was observed, no statistical
differences were found between the cultures with or without MTA in all incubation time
points (Figure 1Q). These data indicated that after the multinucleated cells were recruited by
the action of RANKL and have adhered to the bone in a resorption area, both MTAs could
inhibit the cyto-differentiation process to the mature osteoclasts.

Effect of MTA on the osteoclast function: Three parameters were analyzed: the
TRAP activity, the Cathepsin K gene expression and the resorptive pit area, using the same
model of osteoclastogenesis induced by rRANKL, in RAW264.7 osteoclast precursor cell
line. After the osteoclast differentiation, RANKL stimulates osteoclast activation, which
includes the activation of TRAP and Cathepsin K enzymes for subsequent bone resorption.
The addition of rRANKL into the cell culture medium increased the TRAP activity (p<0.05)
and the Cathepsin K expression (p<0.05). MTA did suppress the TRAP activity (Control:
1.26pg/mL+0.07, Angelus MTA: 0.38ug/mL=0.11*, Bios MTA: 0.16ug/mL+0.03*,
*different from control by Student's #-test, p<0.05) (Figure 2A) induced by rRANKL.
RAW264.7 cells, stimulated with rRANKL in the presence of Bios MTA, presented lower
TRAP activity than the same culture with Angelus MTA (p<0.05). The Cathepsin K gene
expression was adjusted by the house keeping gene B-actin. MTA suppressed the Cathepsin K
gene expression in groups with or without rRANKL. In the samples incubated with rRANKL,
MTA suppress the Cathepsin K gene expression to 9% of the control group (Figure 2B and
2C). As a consequence of the osteoclats function, the third parameter analyzed was the
resorptive pit area by mature osteoclasts. Again, the addition of the rRANKL to the cell
culture increased the resorptive pit area (p<0.05). The addition of both MTAs on the mature
osteoclast culture, previously differentiated by rRANKL stimuli on RAW264.7 cell culture,
reduced the resorptive pit area comparing with the same culture in the absence of MTA

(rRANKL+Control: 0.266cm210.07, rRANKLJrAngelus MTA: 0.1 150111210.05*,
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rRANKL+Bios MTA: 0.03 Sszi0.0l*, *different from rRANKL+control by Student's #-test,
p<0.05) (Figure 2D-H). Not only the total area of resorptive pit area was smaller in groups
with MTA, but also the size of each pit area was smaller in this group (Figure 2E-H).
Comparing both MTAs, Bios MTA presented the lowest resorpted pit area (p<0.05), similar
to the control group without rRANKL. These data indicated that MTA had an effect on the
osteoclast activity and probably presented some protective action in periapical lesions through
resorptive events and that Bios MTA presented better results than Angelus MTA.

Effect of calcium oxide and aluminum oxide on the rRANKL mediated
osteoclastogenese: MTA releases aluminum and calcium ions in solution and the effect of
these two ions in the RAW264.7 osteoclast precursor cell line stimulated with rRANKL was
analyzed. Using the same model described above, both ions reduced the RANKL-mediated
osteoclastogenesis (Fig. 3A). Aluminum oxide was the major suppressor of osteoclast cells
differentiation (Control: 236+12.49 cells; Calcium oxide: 101.67+7.23 cells*; Aluminum
oxide: 80.33+4.73 cells, *different from control by Student's -test, p<0.05). This result
indicates that calcium and aluminum ions released by aluminum oxide and calcium oxide
suppress the RANKL mediated osteoclastogenesis (Figure 3B). The release of these ions, by
MTA, can be one of the protective mechanisms of this material on the periapical resorptive

events, what has permitted the successful use of MTA in apical lesions.

Discussion

Receptor activator of nuclear factor kB-ligand is a bone-resorptive cytokine and
an essential molecule in all phases of the osteoclast’s life span. It has been catalogued as a key
regulator of the physiological and pathological control of bone metabolism (Takahashi et al.,
1999). RANKL has been associated with diverse pathologies characterized by bone

destruction, such as rheumatoid arthritis, osteoporosis, Paget’s disease, bone tumors, facial
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osteolytic lesions and periodontitis (Taubman and Kawai, 2001). It has been proposed as the
common final pathway of the bone-resorptive and regulatory cytokines, in osteoclast
differentiation and activation and in bone resorption. RANK and RANKL-deficient mice
exhibit severe osteopetrosis, characterized radiographically by opacity in long bones,
vertebral bodies, and ribs and by significantly increased total and trabecular bone density
(Dougall et al., 1999).

As a destructive inflammatory pathology, periapical lesion involves bone loss and
the RANKL gene is highly over-expressed in granuloma lesions (Vernal et al., 2006). In this
case, the use of MTA as a root-end filling material must be indicated. In a previous
unpublished data, we observed that MTA did not affect the RANKL expression by
Fusobacterium nucleatum and Peptostreptococcus anaerobius reactive memory T cells. At
this point it was not known if this result was or not a benefit point for bone resorptive events,
so the understanding of MTA effect on the osteoclast life became an extremely important fact.

The bone resorption starts with the recruitment of the multinucleated polykaryons
cells by the CSF-1 and RANKL action, its adherence to the bone and cell-differentiation into
the mature osteoclasts. The osteoclast activity is initiated by RANKL stimulation and this one
induces the secretion of protons and lytic enzymes into the sealed resorption vacuole formed
between the basal surface of the osteoclast and the bone surface. Acidification of this
compartment by secretion of protons leads to the activation of TRAP and cathepsin K, the two
main enzymes responsible for the degradation of bone mineral and collagen matrices leading
to the bone resorption (Boyle et al., 2003). It was observed that MTA affected both phases of
osteoclast’s life span: the osteoclast differentiation and osteoclast function.

MTA did not affect the viability of RAW264.7 osteoclast precursor cell line and
this biocompatibility was described for others different cell types (Holland et al., 2002;

Bonson et al., 2004; Rezende et al., 2005; De Deus et al., 2005; Braz et al., 2006; Rezende et
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al., 2007). In spite of the biocompatibility of this material, MTA decreased the number of
osteoclast differentiated cells by osteoclast precursor cell line and by BALB/c bone marrow
cells (with M-CSF) stimulated with rRANKL but it did not affect the number of
nuclei/osteoclast cells. The reduction of the number of differentiated osteoclast cells by the
presence of MTA was observed from day 5 to day 8. On day 8, BIOS MTA presented better
results than Angelus MTA.

Analyzing the osteoclast function, MTA suppressed the TRAP enzyme activity
and the Cathepsin K gene expression. The cathepsin K is an osteoclastic proteolytic enzyme
that cleaves the helical and telopeptide regions of collagen at an acid optimum pH (Zaidi et
al.,2001). The Cathepsin K is expressed in and secreted by osteoclasts near the ruffled border
with its expression being promoted by RANKL (Zaidi ef al., 2001). It is a promising target for
interrupt the osteoclast function once; Cathepsin K knockout mice display marked
osteopetrosis (Gelb et al., 1996) and its overexpression results in an enhanced bone resorption
(Kiviranta et al., 2001).

The other osteoclastic functional parameter suppressed by MTA was the TRAP
enzyme. This enzyme is involved in the degradation of bone constituents by osteoclasts, what
was demonstrated by the incubation of osteoclasts with anti-TRAP antibodies which results in
reduction of bone resorption (Zaidi et al., 1989; Moonga ef al., 1990). TRAP is a purple acid
phosphatase that resists inhibition by tartrate. It is expressed at high levels in osteoclasts and it
is used as a cytochemical marker for osteoclasts and their precursors (Hayman et al., 2001).
TRAP-deficient mice display osteopetrotic bone phenotype with resorptive defective
osteoclasts (Hollberg ef al., 2002). TRAP also plays an important role in intracellular
vesicular transport. It is primarily found in multinucleated osteoclasts and mononuclear
osteoclast precursors. The TRAP activation is not affected by the absence of Cathepsin K, as

it was observed in the osteoclasts isolated from Cathepsin K knockout mice (Perez-Amodio et
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al., 2006). To finish the end process of bone response in the presence of MTA, the resorptive
pit area was observed by mature osteoclasts. As a consequence of the down-regulation of the
osteoclast activity, the resorpted pit area by mature osteoclasts was smaller in the presence of
MTA.

Trying to understand the mechanism in which MTA acts in the down-modulation
of the osteoclast differentiation and function, we observed its mineral composition and its
release of ions in extraction solution, specially calcium (405.23mg/L) and aluminum
(25.42mg/L) ions (Duarte et al., 2003; Tomson et al., 2007). It is known that high extra
cellular calcium concentration modulates the osteoclast formation and/or function (Zaidi et
al., 1999) and that osteoclastic bone resorption is directly regulated by calcitonin hormone,
and locally, by ionized calcium (Ca®") generated as a result of osteoclastic bone resorption.
This fact was confirmed when freshly isolated rat osteoclasts were settled onto bone slices
and incubated in a high Ca’" concentration (5-20 mM), which resulted in a dramatic and
concentration-dependent reduction in their bone-resorpting activity (Zaidi ef al., 1993).
Parallel to this, the elevation of the extra cellular calcium concentration causes a dramatic
reduction of cell size, accompanied by a marked diminution of tartrate resistant acid
phosphatase in a dependent manner within an hour of exposure to high Ca’" and the abolition
of bone resorption (Datta ef al., 1989). Interestingly, resorpting osteoclasts produced lower
quantities of acid phosphatase than those plated on plastic, suggesting that locally produced
Ca’" may inhibit enzyme secretion (Moonga et al., 1990). In all these experiments, Ca®" was
added extracellularly after osteoclasts were plated onto devitalized bone. Recently, the
addition of 10% of CaCl, in the MTA composition has been related. This addition improved
the sealing ability (Bortoluzzi et al., 2006), increased the initial pH, required lower amounts
of water and increased the calcium released (Antunes et al., 2006), what can be benefit for the

suppression of the bone resorptive events.
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In the other hand, aluminum oxide, present in the MTA composition, is a common
adjuvant used in vaccines (Naim ef al., 1997) and it is also used as a ceramic-on-ceramic hip
prosthesis used in orthopedic surgery for total hip replacement, in patients affected by
osteoarthritis of the hip (Granchi et al., 2004; Granchi ef al., 2005). In this kind of surgery,
60-70% of hip arthroplasties ultimately fail due to the bone loss around the implant due to
bone resorption and ultimately aseptic loosening of the prothesis. Granchi et al. (2005)
observed that supernatant of human osteoblasts with aluminum oxide in a mononuclear cell
culture showed a decrease in c-fos expression together with an unchanged expression of c—
src, suggesting that the passage of macrophages into osteoclast lineage is deviated. In this
study, the authors observed that prosthesis that did not have aluminum oxide in its
constitution produced higher levels of RANKL (Granchi et al., 2005).

We proposed that the down-regulation of osteoclast differentiation and function,
by MTA, is caused by the release of these ions in the solution, what was confirmed by the
down-regulation of the osteoclast differentiation in the presence of the calcium oxide and
aluminum oxide alone in the cell culture medium, stimulated by rRANKL. It is known that
the release of calcium in MTA extract solutions is much higher than the same amount of
aluminum (Tomson et al., 2007) but, we observed that the down-regulation of the osteoclast
differentiation was much more effective when the aluminum oxide was added in the solution
than when the calcium oxide was added. An additional support to our hypothesis is the fact
that BIOS MTA presents 6% aluminum oxide in its composition, while Angelus MTA
presents only 4% and BIOS MTA also present high percentage of free CaO than Angelus
MTA. This fact can justify the high down-regulation of the TRAP enzyme and the smaller
resorptive pit area in cultures with BIOS MTA comparing with Angelus MTA. The addition
of high quantities of aluminum oxide in the MTA composition can be a benefit point for

treatments that involves bone resorption area.
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Little is known about the effect of MTA on the bone turn-over. Only some aspects
of osteoblast activity were evaluated in the presence of MTA but with some contradictory
results. Koh et al. (1997) observed that osteoblasts-like cells (MG-63) incubated with MTA
produced high levels of IL-1a, IL-1p and IL-6, after 6-144h, than the same cells incubated
with polymethylmethacrylate. In the other hand, Mitchell ef al. (1999), using the same cells
did not observe the IL-1a production and did observe the IL-6 and IL-8 production in the
presence of MTA. This result indicated that MTA promotes healing through stimulation of
bone turn-over. Pelliccioni et al. (2004) observed that another osteoblast-like cell (Saos-2)
attached to the rough surface of MTA and spread onto the rough surface. Moreover, the cells
on MTA were viable, grew, and released some collagen even at 72h, while cell metabolism
and growth was dramatically reduced onto super EBA and amalgam surfaces. But another
question about the effect of MTA on osteoblast activity was risen by Perez et al. (2003). They
observed that whilst primary osteoblast (MG-63 cells) initially bound to white MTA, they did
not survive on the surface by the end of 13 days. Analyzing these MTA contradictory effects
on the osteoblast activity and considering the MTA effect on the osteoclast activity, maybe
the good clinical results observed with the use of MTA on the resorpted area was not only
based on the high modulation of the osteoblast activity but also the down modulation of the
osteoclast activity. Then, the healing process promoted by MTA in the periapical bone loss
area involves not only the mineralized tissue formation that results in periapical lesions repair
(Camilleri and Pitt Ford, 2006), but also the suppression of the osteoclast differentiation and
osteoclast function.

In summary, the results of the present study have demonstrated that 1) MTA
down-regulated the osteoclast differentiation, 2) MTA down-regulated the osteoclast function
(TRAP activity, Cathepsin K gene expression and resorpted pit area), and 3) Calcium and

aluminum ions are the active components for the MTA effect on the osteoclast. The use of



88

MTA is recommended in bone loss area, once it promotes the formation of mineralized tissue

and down-regulate the osteoclast differentiation and function.



89

Acknowledgments
Odonto-légika (Londrina, PR, Brazil) kindly provided MTA-Angelus. This work
was supported by Coordenagao de Aperfeigoamento de Pessoal de Nivel Superior (CAPES,

Brazil).



90

Reference

Antunes,BE, Juarez,BN, Antonio Hungaro,DM, Oliveira Demarchi,AC, and Monteiro,BC
(2006). The use of a setting accelerator and its effect on pH and calcium ion release of

mineral trioxide aggregate and white Portland cement. J Endod 32(12):1194-1197.

Bonson,S, Jeansonne,BG, and Lallier,TE (2004). Root-end filling materials alter fibroblast

differentiation. J Dent Res 83(5):408-413.

Bortoluzzi,EA, Broon,NJ, Bramante,CM, Garcia,RB, de Moraes,IG, and Bernardineli,N
(2006). Sealing ability of MTA and radiopaque Portland cement with or without calcium

chloride for root-end filling. J Endod 32(9):897-900.

Boyle,WJ, Simonet,WS, and Lacey,DL (2003). Osteoclast differentiation and activation.

Nature 423(6937):337-342.

Braz,MG, Camargo,EA, Salvadori,DM, Marques,ME, and Ribeiro,DA (2006). Evaluation of
genetic damage in human peripheral lymphocytes exposed to mineral trioxide aggregate and

Portland cements. J Oral Rehabil 33(3):234-239.

Camilleri,J, Montesin,FE, Brady,K, Sweeney,R, Curtis,RV, and Ford, TR (2005). The

constitution of mineral trioxide aggregate. Dent Mater 21(4):297-303.

Camilleri,J and Pitt Ford, TR (2006). Mineral trioxide aggregate: a review of the constituents

and biological properties of the material. Int Endod J 39(10):747-754.



91

Datta,HK, Maclntyre,l, and Zaidi,M (1989). The effect of extracellular calcium elevation on

morphology and function of isolated rat osteoclasts. Biosci Rep 9(6):747-751.

De Deus,G, Ximenes,R, Gurgel-Filho,ED, Plotkowski,MC, and Coutinho-Filho, T (2005).
Cytotoxicity of MTA and Portland cement on human ECV 304 endothelial cells. Int Endod J

38(9):604-609.

Dougall, WC, Glaccum,M, Charrier,K, Rohrbach,K, Brasel,K, De Smedt,T et al. (1999).

RANK is essential for osteoclast and lymph node development. Genes Dev 13(18):2412-2424.

Duarte, MA, Demarchi,AC, Yamashita,JC, Kuga,MC, and Fraga,SC (2003). pH and calcium
ion release of 2 root-end filling materials. Oral Surg Oral Med Oral Pathol Oral Radiol

Endod 95(3):345-347.

Gelb,BD, Shi,GP, Chapman,HA, and Desnick,RJ (1996). Pycnodysostosis, a lysosomal

disease caused by cathepsin K deficiency. Science 273(5279):1236-1238.

Granchi,D, Amato,l, Battistelli,L, Ciapetti,G, Pagani,S, Avnet,S et al. (2005). Molecular basis
of osteoclastogenesis induced by osteoblasts exposed to wear particles. Biomaterials

26(15):2371-2379.

Granchi,D, Ciapetti,G, Amato,l, Pagani,S, Cenni,E, Savarino,L et al. (2004). The influence of
alumina and ultra-high molecular weight polyethylene particles on osteoblast-osteoclast

cooperation. Biomaterials 25(18):4037-4045.



92

Hayman,AR, Macary,P, Lehner,PJ, and Cox,TM (2001). Tartrate-resistant acid phosphatase
(Acp 5): identification in diverse human tissues and dendritic cells. J Histochem Cytochem

49(6):675-684.

Holland,R, Souza,V, Nery,MJ, Faraco,J, I, Bernabe,PF, Otoboni Filho,JA et al. (2002).
Reaction of rat connective tissue to implanted dentin tubes filled with a white mineral trioxide

aggregate. Braz Dent J 13(1):23-26.

Hollberg,K, Hultenby,K, Hayman,A, Cox,T, and Andersson,G (2002). Osteoclasts from mice
deficient in tartrate-resistant acid phosphatase have altered ruffled borders and disturbed

intracellular vesicular transport. Exp Cell Res 279(2):227-238.

Kawai, T, Eisen-Lev,R, Seki,M, Eastcott, JW, Wilson,ME, and Taubman,MA (2000).
Requirement of B7 costimulation for Th1-mediated inflammatory bone resorption in

experimental periodontal disease. J Immunol 164(4):2102-2109.

Kawashima,N and Stashenko,P (1999). Expression of bone-resorptive and regulatory

cytokines in murine periapical inflammation. Arch Oral Biol 44(1):55-66.

Kiviranta,R, Morko,J, Uusitalo,H, Aro,HT, Vuorio,E, and Rantakokko,J (2001). Accelerated
turnover of metaphyseal trabecular bone in mice overexpressing cathepsin K. J Bone Miner

Res 16(8):1444-1452.

Koh,ET, Torabinejad,M, Pitt Ford, TR, Brady,K, and McDonald,F (1997). Mineral trioxide
aggregate stimulates a biological response in human osteoblasts. J Biomed Mater Res

37(3):432-439.



93

Lacey,DL, Timms,E, Tan,HL, Kelley,MJ, Dunstan,CR, Burgess,T ef al. (1998).
Osteoprotegerin ligand is a cytokine that regulates osteoclast differentiation and activation.

Cell 93(2):165-176.

Mitchell,PJ, Pitt Ford, TR, Torabinejad,M, and McDonald,F (1999). Osteoblast

biocompatibility of mineral trioxide aggregate. Biomaterials 20(2):167-173.

Moonga,BS, Moss,DW, Patchell,A, and Zaidi,M (1990). Intracellular regulation of enzyme
secretion from rat osteoclasts and evidence for a functional role in bone resorption. J Physiol

429:29-45.

Naim,JO, van Oss,CJ, Wu,W, Giese,RF, and Nickerson,PA (1997). Mechanisms of

adjuvancy: I--Metal oxides as adjuvants. Vaccine 15(11):1183-1193.

Pelliccioni,GA, Ciapetti,G, Cenni,E, Granchi,D, Nanni,M, Pagani,S ef al. (2004). Evaluation
of osteoblast-like cell response to Proroot MTA (mineral trioxide aggregate) cement. J Mater

Sci Mater Med 15(2):167-173.

Perez,AL, Spears,R, Gutmann,JL, and Opperman,LA (2003). Osteoblasts and MG-63
osteosarcoma cells behave differently when in contact with ProRoot MTA and White MTA.

Int Endod J 36(8):564-570.

Perez-Amodio,S, Jansen,DC, Schoenmaker, T, Vogels,IM, Reinheckel, T, Hayman,AR et al.
(2006). Calvarial osteoclasts express a higher level of tartrate-resistant acid phosphatase than
long bone osteoclasts and activation does not depend on cathepsin K or L activity. Calcif

Tissue Int 79(4):245-254.



94

Rezende, TM, Vieira,LQ, Cardoso,FP, Oliveira,RR, Oliveira Mendes,ST, Jorge,ML et al.
(2007). The effect of mineral trioxide aggregate on phagocytic activity and production of

reactive oxygen, nitrogen species and arginase activity by M1 and M2 macrophages. In¢

Endod J 40(8):603-611.

Rezende, TMB, Vargas,DL, Cardoso,FP, Sobrinho,APR, and Vieira,LQ (2005). Effect of
mineral trioxide aggregate on cytokine production by peritoneal macrophages. International

Endodontics Journal 38:896-903.

Stashenko,P, Teles,R, and D'Souza,R (1998). Periapical inflammatory responses and their

modulation. Crit Rev Oral Biol Med 9(4):498-521.

Takahashi,N, Udagawa,N, and Suda,T (1999). A new member of tumor necrosis factor ligand
family, ODF/OPGL/TRANCE/RANKL, regulates osteoclast differentiation and function.

Biochem Biophys Res Commun 256(3):449-455.

Taubman,MA and Kawai,T (2001). Involvement of T-lymphocytes in periodontal disease and

in direct and indirect induction of bone resorption. Crit Rev Oral Biol Med 12(2):125-135.

Tomson,PL, Grover,LM, Lumley,PJ, Sloan,AJ, Smith,AJ, and Cooper,PR (2007). Dissolution

of bio-active dentine matrix components by mineral trioxide aggregate. J Dent.

Torabinejad,M, Watson, TF, and Pitt Ford, TR (1993). Sealing ability of a mineral trioxide

aggregate when used as a root end filling material. J Endod 19(12):591-595.



95

Vernal,R, Dezerega,A, Dutzan,N, Chaparro,A, Leon,R, Chandia,S ef al. (2006). RANKL in
human periapical granuloma: possible involvement in periapical bone destruction. Oral Dis

12(3):283-289.

Zaidi,M, Adebanjo,0A, Moonga,BS, Sun,L, and Huang,CL (1999). Emerging insights into

the role of calcium ions in osteoclast regulation. J Bone Miner Res 14(5):669-674.

Zaidi,M, Alam,AS, Shankar,VS, Bax,BE, Bax,CM, Moonga,BS et al. (1993). Cellular

biology of bone resorption. Biol Rev Camb Philos Soc 68(2):197-264.

Zaidi,M, Moonga,B, Moss,DW, and MaclIntyre,l (1989). Inhibition of osteoclastic acid

phosphatase abolishes bone resorption. Biochem Biophys Res Commun 159(1):68-71.

Zaidi,M, Troen,B, Moonga,BS, and Abe,E (2001). Cathepsin K, osteoclastic resorption, and

osteoporosis therapy. J Bone Miner Res 16(10):1747-1749.

Zhang,YH, Heulsmann,A, Tondravi,MM, Mukherjee,A, and Abu-Amer,Y (2001). Tumor
necrosis factor-alpha (TNF) stimulates RANKL-induced osteoclastogenesis via coupling of

TNF type 1 receptor and RANK signaling pathways. J Biol Chem 276(1):563-568.



96

Legends

Figure 1: MTA effects on the osteoclast differentiation. MTT viability assay with RAW cells
(A), number of Trap positive stained cells induced from RAW264.7 cells (B) and bone
marrow cells (C) by stimulation with 100ng/mL of rRANKL and 100ng/mL of rRANKL
associated with 10ng/mL of rtM-CSF, respectively, in contact with or without MTA filled
capillaries. Columns and bars indicate the mean and SD of triplicates, respectively of one
representative experiment. * indicates, statistical differences (p<0.05), by #-test, when
compared to the group only with medium. e indicates p<0.05, by #-test. Representative photos
of trap positive stain cells induced by induced by RAW cells (D-I) and bone marrow cells (J-
0). Scale bar: 100um. Kinetic of osteoclast differentiation from day 5 to day 8 in culture
induced by RAW cells stimulated with 100ng/mL of rRANKL (P). * indicates, statistical
differences (p<0.05), by t-test, when compared with Angelus MTA and Bios MTA. e
indicates p<0.05, by #-test, when compared with Bios MTA. Number of nuclei/5 trap positive
cells (Q) in RAW cell cultured with 100ng/mL of rRANKL. No statistical difference was

found between triplicates of all groups.

Figure 2: MTA effects on the osteoclast function. Trap activity (A) induced from RAW264.7
cells by stimulation or not with 100ng/mL of rRANKL, in contact with or without MTA filled
capillaries, per 6 days. Columns and bars indicate the mean and SD of triplicates, respectively
of one representative experiment. * indicates, statistical differences (p<0.05), by ¢-test, when
compared to the group only with medium. e indicates p<0.05, by #-test. B-actin (house
keeping gene) and cathepsin K gene expression (B) by RAW264.7 cells by stimulation or not
with 100ng/mL of rRANKL, in contact with or without MTA, per 48 hours. Columns indicate

the ratio between cathepsin K gene expression/B-actin gene expressions (C). Resorpted pit
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area (D) induced from mature osteoclasts stimulated with 100ng/mL of rRANKL, in contact
with or without MTA filled capillaries. Columns and bars indicate the mean and SD of
triplicates, respectively of one representative experiment. * indicates, statistical differences
(p<0.05), by z-test, when compared to the control without rRANKL. e indicates p<0.05, by ¢-
test. Representative photos of pit formation induced (E-H) by mature osteoclasts. Scale bar:

100pum.

Figure 3: Effect of calcium oxide and aluminum oxide on the rRANKL mediated
osteoclastogenese. Number of Trap positive stained cells induced from RAW264.7 cells (A)
by stimulation with 100ng/mL of rRANKL, in contact with or without MTA filled capillaries.
* indicates, statistical differences (p<0.05), by #-test, when compared to the RAW cells
without rRANKL. e indicates p<0.05, by #-test. Representative scheme of how the release of
Calcium and Aluminum ions, by MTA, can affect the differentiation and activity of mature

osteoclasts (B).
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4 DISCUSSAO:

O MTA trouxe uma nova perspectiva para a endodontia. Esse material,
inicialmente indicado no tratamento de perfuragdes radiculares e como material retro-
obturador, atualmente também ¢ utilizado em aplicacdes ndo cirtirgicas (Torabinejad e
Chivian, 1999; Adamo et al., 1999; Saidon et al., 2003). Apresenta-se como um péd que deve
ser incorporado a dgua destilada estéril; € composto, basicamente, de 6xidos minerais, ions
calcio e fosfato, que também sdo componentes dos tecidos dentais. A composi¢do do po,
como se v€, confere-lhe biocompatibilidade (Fischer et al., 1998; Adamo et al., 1999).

Como ¢ um material relativamente novo, tem sido alvo de varias pesquisas, in
vivo e in vitro. Elas demonstram que o MTA apresenta excelente biocompatibilidade, nao
provocando inflamagdo tecidual significativa no local de sua aplicagdo. O MTA permite que
os reparos se processem, induzindo a deposi¢do de tecido dentindrio, cementario € Osseo
(Torabinejad et al., 1995a; Torabinejad et al., 1995b; Holland et al., 1999; Holland et al.,
2001). No Brasil, esse produto esta disponivel no mercado em duas formulagdes: nas cores
cinza e branca. Este ultimo pode ser adquirido de duas formas: MTA Branco ¢ MTA Bios
(Odonto-logika).

Apesar dos resultados favoraveis relatados na literatura e do sucesso clinico
obtido com a utilizagao desse material, conhece-se pouco a cerca de sua interacdo com os
mecanismos de resposta do hospedeiro (Torabinejad et al., 1995a; Torabinejad et al., 1995b;
Koh et al., 1997; Koh et al., 1998; Osorio et al., 1998; Mitchell et al., 1999; Zhu et al., 2000;
Keiser et al., 2000; De Deus et al., 2005; da Silva et al., 2006, Braz et al., 2006). O que se
sabe, atualmente, observando-se os resultados dos estudos ja citados, ¢ que o MTA nao

interfere em alguns aspectos da resposta imune, porém interfere em outros, podendo
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potencializar respostas, incluindo a cicatrizagdo tecidual. Esse fato, ainda pouco explorado, ¢
de extrema importancia, pois, em todas as condigdes clinicas em que esse material € indicado,
ocorre seu contato direto com o tecido pulpar, periapical ou periodontal inflamado, em
diferentes fases da resposta imune.

Nosso grupo iniciou as pesquisas com o0 MTA avaliando a resposta de macrofagos
a presenca do MTA. Os macrofagos exercem um papel central na resposta imune inata,
apresentando como principais fungdes a fagocitose de particulas estranhas e a producdo de
citocinas (Abbas A.K. et al., 2005). Essas células podem ser didaticamente divididas em M1 e
M2 por apresentarem diferentes funcdes dentro do contexto da resposta imunoldgica:
atividade antimicrobiana e cicatricial, respectivamente. Na primeira etapa do trabalho,
verificou-se a producdo das citocinas TNF-a, IL-12p70 e IL-10 por macrofagos M1 e M2, na
presenca ou auséncia do MTA (Anexo 1: “Effect of mineral trioxide aggregate on cytokine
production by peritoneal macrophages”). Nesse estudo, in vitro, as culturas foram estimuladas
com antigenos de bactérias altamente prevalentes nas lesdes apicais (Lana ef al., 2001; Brito
et al, 2007), F. nucleatum e P. anaerobius, com e sem IFN-y. Observou-se que os
macrdofagos M1 e M2 produziram as citocinas testadas pela estimulacdo com os antigenos
bacterianos com e sem IFN-y e que esta producdo ndo foi alterada na presenga do MTA.
Outro resultado observado foi a polarizacdo M1 e M2 caracterizada pelo perfil das citocinas
produzidas: os macrofagos M2 uma producdo de IL-10 superior & dos macréfagos Ml
(Rezende et al., 2005).

De posse desses dados, passamos a analisar as demais fun¢des dos macrofagos
M1 e M2 na presenca do MTA (TRABALHO 1: “The effect of mineral trioxide aggregate on
phagocytic activity and production of reactive oxygen, nitrogen species and arginase activity
by M1 and M2 macrophages”.). Analisaram-se a aderéncia, a fagocitose de S. boulardii, a

producao de ROIs e NO, além da atividade de arginase, que também se utiliza para definir a
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polarizagdo M1 e M2. A L-arginina pode ser usada por dois diferentes tipos de enzimas - a
arginase e a Oxido nitrico sintase - que competem entre si por esse substrato (Bronte e
Zanovello, 2005). No caso da utilizagdo da L-arginina pela 6xido nitrico sintase, o produto
final gerado sera o NO, que apresenta atividade antimicrobiana (Mantovani et al., 2002;
Mosser, 2003). Quando a L-arginina ¢ empregada para a produgdo de arginase, ocorrera a
formacdo de uréia e da L-ornitina, gerando poliaminas e prolinas que, como produto final,
induzem a proliferagao celular e a produgdo de colageno, respectivamente, envolvidos nos
processos cicatriciais (Mantovani et al., 2002; Mosser, 2003). Neste estudo, os macréfagos
M1 e M2 demonstraram sua polarizagdo em virtude da elevada produgao de ROI pelos
macréfagos M1 e da grande atividade da arginase pelos macrofagos M2. O MTA ndo
interferiu nas atividades macrofagicas analisadas, o que demonstrou a manutencao da resposta
macrofagica inicial na presenca do MTA, favorecendo, assim, sua indicacao clinica.

Com esses resultados animadores, passamos a analisar o efeito do referido
material na resposta imunoldgica adaptativa (TRABALHO 2: “The influence of Mineral
Trioxide Aggregate (MTA) on adaptive immune responses to endodontic pathogens in
mice”). Como os linfocitos T e B s@o os principais tipos celulares presentes nessa fase (Abbas
A K. et al., 2005), observou-se a producdo de IgG F. nucleatum-especifica e a proliferacdo e
producao de citocinas por linfocitos Th pré-imunes ¢ Th de memoéria. Comprovou-se que
comparando com os grupos imunizados apenas com o Fn, a resposta a producdo de IgG foi
aumentada quando os camundongos foram imunizados com Frn em MTA em niveis
compardveis a resposta do anticorpo IgG induzida por adjuvante de Freund ou adjuvante de
hidroxido de alumino. Demonstrando que o MTA estimulou a produgdo de IgG ao F.
nucleatum. Com relagao as células Th, observou-se que o MTA aumentou a proliferacdo das
células T pré-imunes. Essas células produziram baixos niveis de citocinas do estimulo

policlonal. Na presenga de MTA, porém, houve um aumento da produgdo das citocinas
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inflamatorias (TNF-a e IFN-y) e da citocina ligada a reabsorcdo 6ssea (RANKL). Nas
alteragdes perirradiculares predomina um infiltrado cronico (Stashenko et al., 1998).
Procurou-se, entdo, analisar os mesmos parametros ja descritos para as células T de memoria
reativas ao F. nucleatum e ao P. anaerobius. Curiosamente, observou-se que as células T de
memoria reativas ao F. nucleatum apresentaram perfil Th2 (IFN-y<IL-4) enquanto as células
T de memoria, reativas ao P. anaerobius, mostraram perfil Th1 (IFN-y>IL-4). Ao contrario do
que se comprovou para as c€lulas T pré-imunes, apesar do MTA ter decrescido a proliferagao
das células T de memoria, ele ndo afetou a producdo das citocinas TNF-a, RANKL e IL-10;
apresentou efeito apenas sobre as citocinas tipicas dos subtipos Thl (IFN-y) e Th2 (IL-4).
Observamos que o0 MTA pouco afetou os parametros celulares avaliados, sugerindo que suas
acOes sao favoraveis a resposta imunoldgica adaptativa, influenciando positivamente ainda
mais sua indica¢ao clinica.

No transcurso da instalagdo de uma alteragdo perirradicular, a reabsor¢ao Ossea
apresenta-se como um fator peculiar dessa patologia, sendo altamente influenciada pelo
padrdo de citocinas produzidas. Diante deste fato, o passo seguinte deste estudo foi avaliar os
efeitos do MTA na osteoclastogénese e na atividade dos osteoclastos, em um modelo de
reabsor¢ao Ossea mediada por RANKL (TRABALHO 3: “Influence of Mineral Trioxide
Aggregate (MTA) on RANKL-mediated osteoclastogenesis and osteoclast activation”). Como
se observou anteriormente, a presenca do 6xido de aluminio na composi¢do do MTA mereceu
destaque, bem como a alta quantidade de componentes ligados ao ion célcio. Verificou-se a
liberagdo de grandes quantidades desses ions quando se adicionou o MTA as culturas
(Tomson et al., 2007). Sabendo-se que tais ions participam dos eventos de reabsor¢ao ossea
(Zaidi et al., 1993; Zaidi et al., 1999; Granchi et al., 2004; Granchi et al., 2005), tornou-se
relevante observar essa relagdo. Em virtude do breve lancamento do novo MTA Branco

produzido pela Odonto-l6gika, o MTA Bios, no transcurso desta pesquisa, o mesmo foi
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também inserido neste estudo. Comprovou-se que o MTA afetou ndo s6 a osteoclastogénese
como também a atividade dos osteoclastos remanescentes. Nesse aspecto o MTA Bios
apresentou melhores resultados em comparagdo com o MTA Branco. A partir dai, observou-
se que o mecanismo de atuacdo do MTA nos eventos de reabsor¢cdo Ossea estd realmente
relacionado a liberacdo desses ions: diminuicdo da osteoclastogénese na presencga exclusiva
dos ions e maior percentual dos mesmos na composi¢cao do MTA Bios. Levantou-se, entao,
uma nova hipdtese: o sucesso clinico, quando da utilizagdo do MTA, advém nado apenas de
sua atuagdo sobre osteoblastos (Koh et al., 1997; Mitchell et al., 1999; Granchi et al., 2004;
Pelliccioni et al., 2004; Granchi et al., 2005), mas também da supressdao dos eventos que
levam a reabsor¢ao Ossea. Os resultados deste trabalho sao muito positivos para a utilizagdo
do MTA em eventos de reabsor¢do Ossea, e nas lesdes apicais, e lhe confere um real poder
cicatricial nessas patologias.

A busca por respostas aos varios questionamentos relativos a biocompatibilidade
de materiais endodonticos objetivam, em ultima analise, fundamentar a utilizagdo de materiais
com acgOes terapéuticas eficazes. Nesse aspecto, torna-se importante observar a interagao
hospedeiro/material endoddntico, apods sua utilizagdo nos SCRs, para se avaliar se ocorreu o
almejado sucesso clinico. Na década passada, o enfoque sobre novos materiais biomédicos
tomou um novo rumo. O antigo conceito de material “passivo”, aquele que deveria apresentar
propriedades ideais, deu lugar ao conceito de materiais que ativamente interagem e se
integram ao ambiente bioldgico no qual o mesmo ¢ utilizado (Anderson, 2006). Assim, dentro
desse novo contexto de biocompatibilidade, o MTA pode ser considerado hoje, como o mais
completo material a ser usado nas indicacdes de selamento de perfuracao e de retro-obturagao.
Apesar de sua comprovada eficacia, o MTA vem sofrendo modificagdes desde sua fabricacao
inicial. Com os resultados obtidos nesta tese pode-se sugerir que alguns aspectos de sua

composi¢cdo deveriam ser reavaliados, como por exemplo: o aumento no percentual dos
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elementos que atuam sobre os processos de reabsor¢do Ossea. Sabendo-se que as respostas
imunes inatas e adquiridas parecem ter um papel protetor, prevenindo a disseminacao de
infeccoes endodonticas (Teles er al., 1997), as implicagdes clinicas da exacerbagdao ou da
reducdo dessas respostas em infeccdoes de origem endodontica precisam ser mais bem
explicadas em estudos epidemioldgicos. Nesse contexto, a pesquisa relacionada a interagdo
hospedeiro/material endoddntico pode ser a porta para o desenvolvimento de materiais mais
biocompativeis com atuagao positiva sobre a resposta imune, acelerando assim o0s processos
de cicatrizagao e aumentando seu percentual de sucesso dentro da especialidade endoddntica.
Acreditamos, portanto, que nossa nova meta deve ser a busca da compreensdao dos

mecanismos de interagdo do MTA com seu ambiente clinico, in vivo.



108

5 CONCLUSAO



109

5 CONCLUSAO:

Pdde-se observar que o MTA:

* Na resposta imune inata:

o Nao interferiu na viabilidade e aderéncia celular de
macrdéfagos M1 e M2;

o Nao interferiu na fagocitose da S. boulardii por
macrdéfagos M1 e M2;

o Nao interferiu na producdo de ROI e NO, nem na
atividade da arginase, quando os macrofagos M1 e M2 foram ou ndo
estimulados.

* Na resposta imune adaptativa:

o Estimulou a produgdo de IgG ao F. nucleatum;

o Estimulou a proliferacdo de células T pré-imunes;

o Estimulou a produgdo de citocinas inflamatérias e de
reabsorc¢ao 0ssea;

o Inibiu a prolifera¢do de células T de memoria reativas ao
F. nucleatum e ao P. anaerobius;

o Nao interferiu na producdo das citocinas TNF-a,
RANKL e IL-10 pelas células T de memoria reativas ao F. nucleatum e
ao P. anaerobius;

o Inibiu a produgdo das citocinas IFN-y e IL-4, nos
modelos Thl e Th2, respectivamente.

* Na reabsorcao 6ssea:

o Inibiu a osteoclastogénese;
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o Inibiu a atividade dos osteoclastos;
o Apresentou maior inibicdo da osteoclastogénese pelo
MTA Bios que pelo MTA Branco;

o A liberagdo dos ions aluminio e cdlcio apresentam-se

como elementos ativos no processo de inibi¢do dssea.

MTA
Proliferagéo Suprime Proliferagéo Suprime
celular celular

IFN-gama Sem efeito IFN-gama Suprime
TNF-alfa Sem efeito TNF-alfa Sem efeito
— RANKL Sem efeito — RANKL Sem efeito
IL-10 Sem efeito IL-10 Sem efeito
IL-4 Suprime IL-4 Sem efeito

Concluiu-se que: o MTA nio interfere na atividade das células presentes nas fases
iniciais da resposta imune; o MTA apresenta alguma atividade nas células presentes

nas fases tardias da resposta imune; o MTA inibe os eventos de reabsorc¢do Ossea.
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ANEXO 1: “Effect of mineral trioxide aggregate on cytokine production by peritoneal

macrophages”.
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Abstract

Rezende TMB, Vargas DL, Cardoso FP, Sobrinho APR,
Vieira LQ. Effect of mineral trioxide aggregate on cytokine
production by peritoneal macrophages. International Endodon-
tic Journal, 38, 896-903, 2005.

Aim To test the effect of two commercial brands of
grey mineral trioxide aggregate (ProRoot™ and MTA-
Angelus®) on cytokine production by M1 and M2
inflammatory macrophages.

Methodology M1 (from C57BL/6 mice) and M2
peritoneal inflammatory macrophages (from C57BL/6
[L12p40 "~ mice) were obtained and cultured in vitro
in the presence of MTA. The cellular viability and the
production of tumour necrosis factor-s, interleukin
{IL)-12 and IL-10 in response to stimulation with
interferon-y and Fusobacterivm nucleatum or  Pepto-

streptococcus  anaerobius were evaluated. Data were
analysed by  Mann-Whitney, Kruskal-Wallis and
ANOVA tests.

Results The cements did not interfere with cellular
viability or with cvtokine production by either type of
macrophage. However, M2 macrophages produced
higher levels of 1L-10 when stimulated with F. nucle-
atum than M1 macrophages (P < (0.05).
Conclusions The brands of MTA evaluated did not
interfere in the cytokine response by M1 or M2
macrophages to the two bacteria tested. However, a
difference in cytokine production between the two tvpes
of macrophages was found.

innate

Keywords: biocompatibility, cytokines,

immunity, macrophages, mineral trioxide aggregate.
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Introduction

Since its first description {(Lee et al. 1993), mineral
trioxide aggregate (MTA) has been used in a variety of
surgical and nonsurgical endodontic applications.
Research has demonstrated that MTA has better
properties in terms of root repair and bone formation,
when compared with other commonly used materials
such as intermediate restorative material (IRM®;
Dentsply, Milford, DE, USA), glass ionomer and rein-
forced zinc oxide—eugenol cement iSupcr-HlL‘\g: Harry
J. Bosworth Company, Skokie, [L, USA) (Torabinejad
et al. 1995a, 1998). As MTA is usually applied on

Correspondence: Dra Leda Quercia Vieira, Departamento de
Bioguimica e Imunologia, Instituto de Ciéncias Biologicas,
Universidade Federal de Minas Gerais. Caixa Postal 486,
30.161-970. Belo Horizonte, MG, Brasil (Tel:. 55 31
34992656 e-mail: Igvieira@icb.ufmg.br).

International Endodontic Journal, 38, 896-903, 2005

infected or sterile surgical wounds, it is important that
it is biocompatible and does not interfere with the
immune response of the patient.

Inflamed periradicular and pulp tissues, upon which
MTA is generally applied, present a variety of immu-
nocompetent cells. Macrophages are the predominant
cells (Stern et al. 1981, Kawashima et al. 1996) at the
site. These cells plav a central role in the pathogenesis
of inflammation (Van Furth et al. 1972, Unanue 1978)
and cytokine production is one among their several
actions.

Recent studies have revealed that there may be three
tvpes of macrophages, based on their ability to produce
different responses (Mosser 2003). As defined by Mills
et al. (2000), M1 macrophages (obtained from C57BL/
6 mice) will utilize arginine to produce nitric oxide
(NO), while M2 macrophages (obtained from BALB/c
mice) will produce low amounts of NO and high
amounts of TGF-B. In addition, M1 macrophages are

@ 2005 International Endodontic Journal
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high producers of oxvgen reactive species (Mills et al.
2000, Mosser 2003), while there is evidence that M2
macrophages do not produce interleukin (IL)-12 but
release high amounts of [L-10 { Gerber & Mosser 2001).
A third type, defined as the alternatively activated
macrophage, converts arginine into ornithine by action
of arginase. Ornithine is the precursor of polvamines
that will mediate collagen synthesis and cellular
proliferation. Hence, M1 macrophages {obtained from
C57BL/6 mice) would be high producers of 1L-12 and
low producers of [L-10, in accordance with their pro-
inflammatory role, while M2 macrophages (obtained
from BALB/c mice) would produce lower levels of [1L-12
and higher levels of IL-10 and TGF-, which would
render them an anti-inflammatory role (Mills et al.
2000, Gerber & Mosser 2001, Mosser 2003). Recently,
Bastos et al. (2002) showed that mice deficient in the
p40 chain for [L.-12/11.-23 by targeted mutation have
predominantly macrophages of the M2 type, like the
BALB/c mice. This model is elegant, as it provides
macrophages of the same genetic background (in this
case the C57BL/6) but with different phenotypes (M1
or M2).

As MTA has only recently been used as an endo-
dontic material, there are few studies evaluating its
effects on the host defense mechanisms (Koh et al.
1997, 1998, Mitchell et al. 1999). This study aimed to
analyze the action of two commercial brands of MTA
(MTA-Angelus®, Odonto-logika, Londrina, PN, Brazil;
ProRoot®, Dentsply Maillefer, Ballaigues, Switzerland)
on the activity of M1 and M2 murine macrophages,
assessing cellular viability and cytokine production.

Materials and methods

Preparation of MTA

Two different commercial brands of greyv MTA were
used: ProRoot™ {Dentsply Maillefer, Ballaigues, Swit-
zerland) and .\’l'l';\-;ﬂ\ngclusﬁ {Odonto-logika, Londrina,
PR, Brazl). The cements were prepared according to
the manufacturer’s specifications, and their manipula-
tion was carried out in a laminar flow hood under
aseptic conditions. Cements were inserted into the ends
of capillary tubes (Micron, Trianon Ind. e Com. Ltda.
Sdo Paulo, SP, Brazl), previously cut and sterilized
(capillary diameter: 3.52 mm?), according to the tech-
nique described previously (Oliveira Mendes et al.
2003). Capillaries containing cements were stored in
six well culture plates (Nunclon; Nalge Nunc Inter-
national, Naperville, 1L, USA) for final setting.
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Subsequently, the plate was sterilized using 25 kGray
of gamma ray irradiation (Centro de Desenvolvimento

Tecnologico/CDTN, Belo Horizonte, MG, Brazil).

Mice

Males and females of 4-8 weeks of two mouse strains
were used: C57BL/6 (CEBIO — UFMG, Belo Horizonte,
Brazil) and C537BL/6 deficient in the p40 chain for
[L-12/11.-23 by targeted mutation (Magram ¢t al.
1996). Matrices for 1L-12p40~"" were obtained from
Dr Luiz Vicente Rizmo (University of Sao Paulo, SP,
Brazil), mice were bred at the Gnotobiology Laboratory.,
UFMG, Belo Horizonte, Brazil. Experimental animals
were kept in a conventional animal house with
barriers, temperature and light control. Food and water
were offered ad libitum. The research protocol was
authorized by the committee of ethics and research on
animals (CETEA — UFMG, protocol number 35/2002).

Macrophages

Inflammatory macrophages were obtained from the
peritoneal cavity, 5 days after injection of 2 mL of 3%
thioglicolate medium, containing 1% sterile agar (Bio-
bras S.A ., Montes Claros, MG, Brazil). The animals were
then sacrificed and 10 mL of sterile RPMI 1640
medium, without phenol red (Sigma Chemical Co., St
Louis, MO, USA), was injected into the peritoneal
cavity. The largest possible content was aspirated, and
the cells were centrifuged at 350 g for 10 min, at 4 °C.
Supernatant medium was discarded and cells were
resuspended in RPMI 1640 medium without phenol
red, supplemented with 10% fetal bovine serum
(Nutricell; Campinas, SP,
p-mercaptoethanol (Sigma Chemical Co.), 0.2% gen-
tamicin and 200 mmol L' L-glutamine. The cells were

Brazil), 0.05 mmol L'

counted in a Newbauer chamber, and the final
concentration was adjusted for each experiment.

Viability

To evaluate the cellular viability in the presence of

MTA, the capillaries containing MTA and empty
controls were added onto the cellular suspension
(1% 10% cells mL™") present in 24-well plates (Nun-
clon). Cells were incubated for 24, 48 or 72 h. The
viability analysis was accomplished with an inverted
microscope, following the addition of 100 pL of 0.3%
tryptan blue solution (Sigma Chemical Co.) in PBS
{0.15 M NaCland 0.1 M NaH;PO,/Na;HPO,, pH 7.4).
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Live and dead cells were counted, amounting to at least
300 cells (Oliveira Mendes et al. 2003).

Bacterial preparations

To induce the production of tumour necrosis factor
{'INF), IL-12 and IL-10, Fusobacterium nucleatum (ATCC
10953) and Peptostreptococcus  anaerobius  (ATCC
27337) were prepared, and used in a proportion of
10 UFC for each macrophage in culture (Ribeiro
Sobrinho et al. 2002). These preparations were used
to stimulate cell cultures.

Cell cultures and cytokine assays

Fusobacterium nucleatum and P. anaerobius (107 UFC
mL~') preparations were added to the 24-well plates
{Nunclon), containing 1 mL of peritoneal cell suspen-
sion (2 x 10° cells mL™! ), in the presence or absence of
10 UmL™" of recombinant murine interferon {IFN)-y
{(Pharmingem, San Diego, CA, USA), in addition to the
MTA-containing or empty capillaries. Plates were incu-
bated for 24 h for TNF and [1.-12 assays, and for 72 h for
[1-10. Supernatants were harvested, and cyvtokine
readings were carried out (Duo Set Elisa kits for TNF,
[1-12p70 and [1-10; Development System, R & D
Systems, Mineapolis, MN, USA). Sensitivity for the
assays were as follows: TNF: 31.2 pg mL™ " [L12p70:
234 pg mL ' 1L-10: 15.6 pg mL7%

Statistical analysis

Results were compared by axova, Mann—Whitney and
Kruskal-Wallis tests as specified for each experiment.
The analyses were carried out with SPSS 8.0 Inc.
software (Statistical Package for Social Sciences, Chi-
cago, 1, USA).

Results

Cell viability in the presence of MTA

The results of cellular viability are shown in Fig. 1. The
mean cellular viability was =97% in all the M1 and M2
macrophage cultures, regardless of exposure to MTA.
There was no difference in the percentages of live cells
between the two cements. However, the proportion of
M2 macrophage live cells exposed for 24 h to MTA-
,:\ngc]us was statistically higher than the M1 macro-
phages (P < 0.05). The incubation time did not
influence the percentage of live M1 macrophages. M2
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Figure 1 Percentage of live M1 (a) and M2 (b) macrophages
12, 24 and 48 h after incubation in the presence of mineral
trioxide aggregate [l-‘l’l'A]-.ringL’lus. MTA ProRoot or empty
capillaries (control). Bars represent the mean of three experi-
ments carried out independently in duplicates and lines
represent the standard deviations of the means. ® indicates
P = 0.05 when compared with 24 and 48 h by Kruskal
Wallis tests.

macrophages were less viable after 72 h of culture
(P < (0.05). However, as viability was =97% in all
cultures, cytokine production in these cultures was
investigated.

TNF-o

Inflammatory M1 and M2 macrophages produced
TNF-z in culture in the absence of bacterial stimuli
(Fig. 2). TNF-z production by M1 or M2 was not
influenced by the presence of either brand of MTA. M1
macrophages produced TNF- in response to all stimuli.
However, because of variability among experiments
and the consequent high standard deviations, statistical
differences were found only among the control cul-
tures and the cultures stimulated with P. anaerobius
and [FN-v. M2 macrophages stimulated with [FN-y and
either F. nucleatum or P. anaerobius produced higher
levels of TNF-o than nonstimulated cultures.
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TNF-a (pg mL™")

B TA angelus [ Proroot

" Control

Figure 2 Production of tumour necrosis factor-z by M1 (a)
and M2 (b) macrophage cultures 24 h after incubation in the
presence of mineral trioxide aggregate (MTA)-Angelus, MTA
ProRoot or empty capillaries (control). Cells were cultured in
the medium alone (M) and Fusobacterium nucleatum  (F)
or Peptostreptococeus anaerobius (P) preparations. Interferon
(IFN)=y (1) was added where indicated at 10 units mL '
(1 pug = 8430 units). Bars represent the mean of three experi-
ments carried out independently in duplicates and lines
represent the standard deviations of the means. o indicates
P = (.05 by Kruskal-Wallis test
macrophages in medium alone. ® and B indicates P < (.05

when compared  with

when compared with bacterial preparations without 1FN-y.

[L-12p70

Production of [L-12p70 was undetected in several
conditions, and, when detected, was just above the
detection limit of the assay. Neither brand of MTA
influenced the production of this cytokine by M1
macrophages. Consistent [1-12 production was found
when cells were stimulated with both bacterial prepa-
rations and [FN-y (Fig. 3).

[L-10

Once again, neither brand of MTA influenced the
production of cyvtokine by M1 or M2 macrophages
(Fig. 4). Neither type of macrophage produced [L-10 in
the absence of bacterial stimuli. M1 macrophages
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Figure 3 Production of interleukin (I1L)-12p70 by M1 macr-
ophage cultures 24 h after incubation in the presence of
mineral trioxide aggregate (MTA)-Angelus, MTA ProRoot or
empty capillaries (control). Cells were cultured in the medium
alone (M) and Fusobacterium nucleatum (F) or Peptostreptococ-
cus anaerohius (P) preparations. Interferon-y (1) was added
where indicated at 10 units mL™" (1 pg = 8430 units). Bars
represent the mean of three experiments carried out inde-
pendently in duplicates and lines represent the standard

deviations of the mean wvalues - - - indicates sensitivity

1

234 pg mL" ") of the assay: ND, not detected.

produced I[L-10 in response to all stimuli, and addition
of IEN-vy did not influence the levels of IL-10 produced.
Fusobacterivm nucleatum induced significantly  higher
levels of 1L-10 production by M2 macrophages than
P. anaerobius. IFN-y inhibited the production of [L-10
stimulated by V. nucleatwm. Moreover, V. nucleatum-
stimulated M2 macrophages produced higher levels of
[L-10 than F. nucleatum-stimulated M1 macrophages.

Discussion

Since its introduction as an endodontic cement (Lee
et al. 1993), MTA has been studied both in viwe
(Holland et al. 2002, Saidon et al. 2003) and in vitro
(Koh et al. 1998, Osorio et al. 1998, Mitchell et al.
1999, Zhu et al. 2000, Abdullah et al. 2002, Haglund
et al. 2003). These studies have demonstrated that
MTA has excellent biocompatibility, causing no signi-
ficant tissue inflammation at the site of its application.
It allows repair, inducing the deposition of dentinal
(Tziafas et al. 2002), cemental (Torabinecjad et al
1995b, Holland et al. 2001) and bony tissues (Tora-
bingjad et al. 1995b, 1998).

It is known that during the pulp inflammatory
process, an array of immunocompetent cells is attracted
to the site in an attempt to eliminate the aggressor
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Figure 4 Production of interleukin-10 by M1 (a) and M2 (b)
macrophage cultures 72 h after incubation in the presence of
mineral trioxide aggregate (MTA)-Angelus, MTA ProRoot or
empty capillaries (control). Cells were cultured in the medium
alone (M) and Fusobacterium nucleatum (F) or Peplostreptococ-
cus anaercohius (P} preparations. Interferon-y (1) was added
where indicated at 10 units mL™" (1 pg = 8430 units). Bars
represent the mean of three experiments carred out inde-
pendently in duplicates and lines represent the standard
deviations of the mean value. B indicates P < (.05 for M2
macrophages stimulated with I, nudeatum compared with all
other conditions by anova followed by Tukey's multiple
and M2
macrophages stimulated with F. nucleatum were compared
by anova test followed by Tukey's multiple comparisons.

comparisons. @ indicates P < (0.05 when M1

stimulus. Macrophages are among the first cells to
come in contact with foreign bodies and play the main
role in the pathogenesis of the inflammatory process
{(Van Furth et al. 1972, Unanue 1978). Some authors
{(Yu & Stashenko 1987) believe that lymphocytes are
the most prevalent cells in the periapical inflammatory
infiltrate whereas others believe that macrophages are
most prevalent (Stern of al. 1981, Kawashima et al
1996). Macrophages produce several cytokines that
promote the initiation, perpetuation, directing and the
inhibition of the immunological response
(Stashenko et al. 1998, Metzger 2000).

In this study, macrophages were exposed to mani-
pulated MTA in vitro, using a previously described
system (Oliveira Mendes et al. 2003) that allows a

process
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controlled exposure of cell cultures to the cement. In
these conditions, viability was =97% at all periods
examined, and was similar in the presence of the two
commercial brands; however, it was lower for the M1
macrophages in contact with _\-‘l'l':\-ﬁngclus. for 24 h.
This difference was not observed in the subsequent
periods. The high cellular viability in the presence of
MTA coincide with that for fibroblasts (Mitchell et al.
1999, Keiser et al. 2000, Saidon et al. 2003) and
osteoblasts (Koh et al. 1997, Mitchell et al. 1999). Only
one study was found in the literature on the viability of
macrophages exposed to MTA (Haglund et al. 2003). In
that paper, the authors observed a normal morphology
of macrophages in contact with dry MTA. MTA also
allowed increased viability when compared with the
other materials evaluated. However, lower cell num-
bers were found in cultures exposed to MTA when
compared with nonexposed controls. A very large area
of each material was exposed to cells in culture, and,
perhaps, this was the reason for the higher mortality in
MTA-exposed cultures when compared with controls,
in that study.

The decrease in viability of the M2 macrophages in
culture is intriguing. No data are available in the
literature as to differences in viability of M1 and M2
macrophages in culture. [t is interesting that a cell type
that is supposedly not producing [FN-y (Mosser 2003)
and lower levels of NO (Mills ¢t al. 2000, Bastos et al.
2002) than M1 dies more easily. However, the decrease
in viability was small. In the present study, the 72-h
cultures were used to detect [L-10. Thus, it is possible
that slightly higher values of this cyvtokine could be
detected in M2 cultures, if the cells were completely
viable.

Periapical inflammation is not only the result of the
direct action of microorganisms, but also of pro-
inflammatory mediators, like the cytokines {Stashenko
et al. 1998). These mediators act on the innate
immunity, antigen presentation, differentiation within
the bone marrow, cell recruiting and activation, and
adhesion molecule expression {Borish & Steinke 2003).
The present study has investigated the production of
TNF-z, 11-12 and [L-10 by macrophages exposed in
vitro to MTA, as these cytokines are involved in the
onset of the inflammatory process (INF-o), the inter-
connection of the immune
responses (1L-12), and the regulation or the inflamma-
tory process (1L-10). In addition, TNF- is an important
mediator in the activation of macrophages is osteo-
clastic activation factor. 1L-12 and IL-10 are macro-
phage polarization Addition

innate and adaptive

markers. of bacterial
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antigens and IFN-v to the cell cultures was an attempt
to reproduce the clinical conditions, where the presence
of anaerobe bacteria (Sundgvist 1992}, as well as the
presence of other cytokines (Stashenko et al. 1998) isa
frequent finding. IFN-y acts by stimulating antigen
presentation and cytokine production by macrophages
and dendritic cells, in addition to activating the effector
functions of the macrophages. These functions include
adherence, phagocytosis, secretion, respiratory explo-
sion and the production of nitric oxide (Borish &
Steinke 2003).

Tumour necrosis factor-o is mainly produced by
mononuclear phagocytes with the purpose of stimula-
ting neutrophil and monocyte recruitment to the
infection site, and activating these cells to eradicate
microorganisms. In apical lesions, TNF-m, [L-1-0, 11-1-3,
TNF-p, IL-6 and 1L-11 act on bone resorption, and
they collectively constitute the osteoclastic activation
factor (Stashenko 1990). In the present study. large
amounts of TNF-u were observed following incubation
for 24 h with bacterial preparations and with these
preparations and IFN-y. The production of TNF-u by
macrophages was also observed when in contact with
the capillaries with and without the MTA, which is not
surprising given that macrophages were harvested
from the peritoneal cavity of mice after an inflamma-

tory stimulus. Hence, MTA did not affect the capacity of

macrophages to produce TNF-a on response to trigger-
ing stimuli.

Interleukin-12 induces the production of IFN-y by
natural killer cells and T cells, a fact that adds to the
activation of phagocytic cells, in addition to favouring
the differentiation of T-helper cells into the Th1 subset.
In addition to these actions, it works as a link between
the innate and the adaptive antigen-specific responses
{Trinchieri & Scott 1993). We observed that the

production of IL-12 increased both in presence of

gram-positive and gram-negative bacteria, and that
the addition of [FN-y seemed to lead to an even greater

[L-12 production (however, no statistical significance

was found when cultures with and without addition of

IFN-y were compared). These data are in accordance
with those reported in the literature (Ma et al. 1996,
Haves et al. 1998). Again, MTA did not affect the
capacity of macrophages to produce I1-12.
Interleukin-10 induces tissue homeostasis, leading to
the inhibition of pro-inflammatory cytokine production
by activated T cells and macrophages (Kawashima
et al. 1996, Stashenko et al. 1998, Gerber & Mosser
2001, Borish & Steinke 2003). Both F. nucleatum and
P. anaerobius triggered 1L-10 production. Fusobacterium
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nucleatum  stimulated M2 macrophages to produce
higher levels of 1L-10 than M1 macrophages. This is
in accordance with the literature, which shows that M2
macrophages are high producers of [L-10 {Mosser
2003). However, P. anacrobius did not stimulate M1
and M2 differently. For some time it had been believed
that gram negative bacteria would be better inducers of
[L-10 than gram positive bacteria (Hessle et al. 2000,
Cross et al. 2004). Here, this observation was con-
firmed: the gram negative bacterium (F. nucdeatum)
stimulated more [L-10 than the gram positive
(P. anaerobius). None of the studies in which the gram
positive/gram negative, 11.-12/11-10 dichotomies were
addressed used mouse-derived M1 or M2 macrophages.
In one study human monocytes were used (Hessle et al.
2000), in the other, a macrophage cell line (Cross et al.
2004). Hence, our results show that for M2 macroph-
ages a gram negative bacterium induces more [L-10
than a gram positive bacterium. The same was not
found for the low IL-10 producing M1 macrophages.
Also of note is the fact that [FN-y down-modulated
production of [L-10 only by F. nucleatum-stimulated
M2 macrophages. In short, it was found that the two
different types of macrophages have only differed as
to the production of IL-10 (besides the obvious lack of
[L-12 production by the population of M2 used here),
which is in agreement with previous reports (Mosser
2003).

It has been shown that MTA did not affect the
production of the cvtokines, either alone, or in conjunc-
tion with gram positive or gram negative bacteria and
[FN-y. This appears to be the first report in which the
effect of MTA on the production of polarizing cytokines
by M1 and M2 macrophages has been determined. One
other report on the effect of MTA on cvtokines that
mediate bone resorption has shown that this cement
does not, by itself, induce the production of these
cvtokines (Haglund et al. 2003). However, it should be
borne in mind that the compatibility of MTA demon-
strated here and elsewhere (Koh et al. 1997, Haglund
et al. 2003, Saidon et al. 2003) has all the limitations of
in vitro work. Additional work should be carried out to
assess the effects of MTA in vive, as cyvtokine synthesis in
vivo is a verv complex event. and its expression and
effects are ruled by many factors, including other cells
and mediators (Mitchell et al. 1999).

Conclusion

Mineral trioxide aggregate had excellent results con-
cerning macrophage viability, and noninterference
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with the production and secretion of the cytokines TNF,
[1-12 and IL-10, by M1 and M2 macrophages.
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ANEXO 2: Aprovagdes do Comité de Etica em Pesquisa Animal (CETEA-UFMG).



UNIVERSIDADE FEDERAL DE MINAS GERAIS
COMITE DE ETICA EM EXPERIMENTAGAO ANIMAL (CETEA)

CERTIFICADO

Certificamos que o protocolo n° 35/2002 relativo ao projeto intitulado “Agregado mineral
triéxido (MTA): efeitos sobre a atividade de macréfagos peritoneais” que tem como
responsaveis Antdnio Paulino Sobrinho, Leda Quércia Vieira e Maria Iima de Souza Cortés,
esta de acordo com os Principios Eticos da Experimentag8o Animal, adotados pelo Comité
de Etica em Experimentacdo Animal (CETEA/UFMG), tendo sido aprovado em reunido
de 06.11.2002.

Este certificado expira-se em 06.11.2007

CERTIFICATE

We certify that the protocol n° 35/2002 related to the project entitled “Trioxide mineral
aggregate (MTA): effects on the activity of peritoneal macrophages”, under the
supervision of Ant6nio Paulino Sobrinho, Leda Quércia Vieira and Maria Ilma de Souza
Cortés, is in agreement with the Ethical Principles in Animal Experimentation, adopted by
the Ethics Committee in Animal Experimentation (CETEA/UFMG) and was approved
in 06.11.2002.

This certificate expires in 06.11.2007
Belo Horizonte, 06/11/2002

Dra. CLEUZA MARIA F. REZENDE
Presidente do CETEA/UFMG
Universidade Federal de Minas Gerais
Reitoria — Campus Pampulha
Avenida Ant6nio Carlos 6627
CEP: 31270-901 - Belo Horizonte MG
Brasil
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UNIVERSIDADE FEDERAL DE MINAS GERAIS

COMITE DE ETICA EM EXPERIMENTAGAO
ANIMAL (CETEA)

CERTIFICADO

Certificamos que o protocolo n® 126/04 relativo ao projeto intitulado “Efeito do MTA
(Agregado de Trioxido Mineral) sobre a producdo de citocinas durante a
apresentacao de antigenos e apds a diferenciagéo dos linfdcitos T, que tem como
responsaveis Leda Quercia Vieira e Anténio Paulino Ribeiro Sobrinho, estad de acordo
com os Principios Eticos da Experimentagdo Animal, adotados pelo Comité de Etica em
Experimentacdo Animal (CETEA/UFMG), tendo sido aprovado em reunido de
15.12.2004.

Este certificado expira-se em 15.12.2009
CERTIFICATE

We certify that the protocol n° 126/04 related to the project entitled “Effect of MTA
on the production of cytokines during the antigen presentation and after
differentiation of T lymphocytes”’, under the supervision Leda Quercia Vieira and
Anténio Paulino Ribeiro Sobrirho, is in agreement with the Ethical Principles in Animal
Experimentation, adopted by the Etfics Committee in Animal Experimentation
(CETEA/UFMG) and was approved in 15.12.2004.

This certificate expires in 15.12.2009.

Belo Horizonte, 15 de dezembro de 2004

Yk,
Dra. CLEU# MARIA F. REZENDE

PRESIDENTE DO CETEA/UFMG

Universidade Federal de Minas Gerais -Reitoria — Campus Pampulha
Avenida Anténio Carlos 6627-7 Andar CEP: 31270-901 - Belo Horizonte MG-Brasil
Telefone: (31) 3499-4592 — Fax: (31) 3499-4027 — Home page: www. ufmg.br/prpg/cetea
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Introduction

Summary

Periodontal disease involves multi-bacterial infections accompanied by
inflammatory bone resorption lesions. The abundant T and B lymphocyte
infiltrates are the major sources of the osteoclast differentiation factor, recep-
tor activator for nuclear factor-kB ligand (RANEKEL) which, in turn, contrib-
utes to the development of bone resorption in pericdontal disease. In the
present study, we found that the concentrations of RANKL and regulatory T
cell i Trgl-associated cytokine, interleukin (IL]-10, in the periodontal tissue
homogenates were correlated negatively, whereas RANKL and preinflamma-
tory cytokine, IL-1B, showed positive correlation. Also, according to the
fluorescent-immunohistochemistry, the frequency of forkhead box P3
( FoxP3)/CD25 double-positive cells was diminished strikingly in the bone
resorption lesion of periedontal disease compared to healthy gingival tissue,
while CD25 or FoxP3 single positive cells were still observed in lesions where
abundant BANKL* lymphocytes were present. Very importantly, few or no
expressions of FoxP3 by the RANKL* lymphocytes were observed in the dis-
eased periedontal tissues. Finally, IL-10 suppressed both soluble RANKL
(sRANKL) and membrane RANKL (mRANKL) expression by peripheral
bloed mononuclear cells (PEMC) activated in vifro in a bacterial antigen-
specific manner. Taken together, these results suggested that FoxP3/CD25
double-positive Try cells may play a role in the down-regulation of RANKL
expression by activated lymphocytes in periedontal diseased tissues. This
leads to the conclusion that the phenomenon of diminished CD25 FoxP3* Ty
cells appears to be associated with the increased RANKL' T cells in the bone
resorption lesion of periedontal disease.

Keywords: FoxP3, periodontal’oral immunology, RANEL, T cells, Try cells

disease [5,6]. This finding resulted from the discovery of
osteoclast differentiation factor, receptor activator for

Maryy research reports have demenstrated conclusively that
regulatory T cells (T.,, cells) suppress pathogenic adaptive
imimune responses, including those involved in antoimmune
diseases, infections diseases and organ transplantation [1].
Although the presence of T., cells in periodontal diseased
tissues has been demonstrated by the reverse transcription—
polymerase chain reaction (RT-PCR) for forkhead box P3
(FoxP3), interlenkin (TL-10) and transforming growth factor
(TGF-PB (2], the role of T, cells in the context of bone
resorption lesion of periodontal disease remains unclear. For
example, involement of lrmphocytes in bone loss processes
was demonstrated only recently in both @ viere [3] and in
vive models for rhenmatoid arthritis [4] and periodontal

nuclear factor-kB ligand (RANKL) (7], which is expressed
not only in bone marrow stromal cells and osteoblasts but
also in activated lymphocytes |8]. However, the linkage
between T., cells and RAMNEL production by lymphocytes in
the context of bone resorption lesion of periodontal disease
remiins unknowrn.

Anactive pericdontal lesion is characterized by the promi-
nent infiltration of B cells [9,10] and T cells [11,12]. Specifi-
cally, the occupancy of 50-60% of such cellular infiltrates by
plasma cells makes pericdontal disease very distinct from
other chronic infectious diseases |13,14]. This is demon-
strated by owur recent discovery that the osteoclast ditfferen-
tiation factor, RAMNEL, is expressed distinctively by activated
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T cells and B cells in gingival tissues with periodontal disease,
but not by these lymphocytes in healthy gingival tissues [15].
These RANKL® lymphocytes isolated from patients’ gingival
tissues were functionally sufficiently potent to induce in vitro
osteoclastogenesis in an RANKL-dependent manner [15).
Supporting this finding, we also d d that Actimo-
bacillus  actinonsy i (Aa) Omp29-specific T
helper 1 (Thl }-type T cells or Aa-reactive B cells can trigger
peniodontal bone resorption in rat models [5,6,16). Because
it has neverbeen reported that any bacteria per s invade and
resorb bone independently of csteoclast activation, RANKL
expression by T cells and B cells is considered to be a major
stimulus of osteoclast precumsor cells.

To gain an insight into inflammatory bone resorption
mechanisms involving RANKL-expressing activated lym-
phocytes a question is rised a6 to whether FoxP3" Tog cells
are associated with suppression of such lymphocyte expres-
sion of RANKL in the context of pericdontal bone resorp-
tion lesions. It is reported that CD4" T cells with regulatory
phenctypes, CD25 or CTLA4, along with the FoxP3, TGF-f§
and IL-10mRNA, are present in diseased gingival tssues [2].
Another study has also demonstrated that a majority of
CD4" T clone cells (almost 10096), which are those estab-
lished from T cells infiltrating pericdontal di d tissues,
are positive for FoxP3 and IL-10 mRNA [17). The latter
results support the presence of FoxP3°CD25" T cells in gin-
gival tissue. It is ivable that the protein expression level
of FoxP'3 in the T cells infiltrating in periodontal tissues may
not be proportional to the FoxP3 mRNA. This result,
N L 4. 1s Of . - O in
which the prevalence of CD25°CDM” T cellsin the total CD4*
T cells of patients’ peripheral blood and sites of inflamma-
tion was shown to be less than 1096, respectively [18]. There-
fore, in the present study, we focus on investigating the
expression pattern of FoxP?2 protein by the T cells infiltrating
in penodontal diseased tissue. Our step-by-step experimen-
tal methodology is described below.

Materials and methods

Human gingival tissue samples

For the in sitw analysis of FoxP3 expression, healthy and
disecsed gingival tissue samples were collected in laborato-
ries of the Department of Periodontclogy at the Harvard
School of Dental Medicine (HSDM, Boston, MA ). Healthy
gingival tissue was characterized by the lack of bleeding on
probing (gingival pocket depth = 3 mm; n= 4,1 maleand 3
females, ages 25-51 y). Inflamed gingival tissues were col-
lected from patients with peniodontal disease at surgery for
non-responsive sites after basic perindontal therapy. These
samples were characterized by the presence of ndiological
bone resorption features and Heeding on probing (gingival
pocket depth >5mm; n=4, 2 males and 2 females, ages
36-55y).

Tissue samples were also collected in the Department of
Penodontclogy at HSDM in order to examine the oytokine
expresson in the gingival tissue homogenates. In this case,
healthy gingival tissues were sampled, after cosmetic or pre-
ventive surgery, for non-responsive sites (gingival pocket
depth = 3 mm, age 27-41 y oM, n=3, one female and 2
malkes). Inflamed gingival tissues from patients with peri-
odontal disease were sampled at surgery for periodontal
therapy as described above (gingival pocket depth > 3 mm,
average 5.7 = 1.2 mm SD, age 22-38 y oM, n = 11, 8 females
and 3 males). The Institutional Review Board of HSDM
approved the collection of gingival tissues after periodontal
surgery, and informed consent was cbtained from each
subject prior to inclusion in this study.

Double-color confocal microscopy

The p of FoxP3 expression in the h gingival
tissues wos determined using double-color confocal micros-
copy (DMRXE/TCS/SP-2 laser scan confocal microscope,
Leica, Wetzler, Germany), following the previcudy published
protocal [15). FITC-conjugated anti-human FoxP? antibody
(clone 259D, BioLegend, San Diego, CA) and Alexa Fluor
647-conjugated anti-human CD25 antibody (clone BC9G,
BioLegend), with appropriate control antibodies, were
reacted with frozen sections of healthy (n = 4) and diseased
(n=4) h gingival tissues. Staining pattern of FoxP3 in
the healthy gingival tissues, as well as periodontal diseased
lesions with RANKL® lymphocytes, was evaluated by staining
with FITC-conjugated anti-h FoxP? antibody and with
oseoprotegerin-Fo-bictin  (OPG-Fe-biotin), followed by
TexasRed-avidin [15). OPG-Fe-biotin was prepared by react-
ing sulfo-NHS-biotin (Pierce, Rockford, IL) to OPG-Fe (gift
from Dr. Dunston, Amgen), following the previousy pub-
lished procedure [15]. The number of FoxP3, CD25 and
RANEL positive cells in the microscopic field (x1000) were
counted, following the method putlished previoudy [15].

Measurement of SRANKL, IL-10 and IL-1f in gingival
tissue homogenates using ELISA

Gingival tissue homogenates were prepared following the
previoudy published method [15). The concentrations of
IL-1P and IL-10 in the homogenates were measured using
DucSet ELISA kit (R&D Systems, Minneapolis, MN). Detec-
tion of soluble RANKL (sRANKL) was carried out using
ELISA kit (PeproTech, Rocky Hill, NJ).

I vitro stimulation of peripheral blood mononuclear
cels (PBMC)

Penpheral blood mononuclear cells (PEMC) wers isolated
from healthy subjects (n=2), and one patient with
perindontal disease, by a gradient centrifugation using
Histopaque™ (Sigma, St. Louis, MO) [15]. The resulting
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single-cell suspension of PEMC was stimulated in the RPMI
1640 medium supplemented with 10% FBS and antibiotics in
a 96-well culture plate {10%/well) for 4 days. The PEMC were
stimulated with Ag ¥4 (107/ml] in the presence or absence of
anti-HLA-DR MAb (clone G46-6, BD PharMingen, San
Diego, CA), control isotype matched MAb (PE18 [19]), or
recombinant IL- 10 (50 ng/ml). On Day 3, culture superna-
tant was harvested and subjected to human sRAMEL ELISA
i PeproTech ). "H thymidine (0.5 uCi) wasadded to the culture
during the last 16 hours of a total incubation of 4 days.

For the confocal microscopy analysis, PEMC harvested
on Day 3 were fixed on a glass slide using Cytospin
{Shandon  Elliott, Surrey, England) and stained with
FITC-conjugated-anti-human FoxP3 antibody, Alexa Fluor
&47-conjugated-anti-human CD25 antibody, Alexa Fluor
&47-conjugated-anti-human  CD4  and  OPG-Fe-biotin/
TexasRed -conjugated-avidin.

Results

First, the expression pattern of FoxP3 protein inthe gingival
tissues with pericdontal disease, as well as healthy gingival
tisswes, was determined by fluorescein isothiocyanate (FITC)-
conjugated anti-FoxP3 antibody using deuble-colour confo-
cal microscopy (Fig. la). In the healthy gingival tissues
FoxP3/CD 25 double-positive lymphocytes were found in the
connective tissues beneath the suloular epithelinm (Fig, la,
healthy). Very strikingly, however, while the diseased tissue
showed the presence of either CD25 or FoxP3 single-positive
cells (Fig. 1a.bj, the CD25* lymphocytes did not show a posi-
tive staining pattern for FoxP3. In the gingival tissues with
periodontal disease, a few FoxP2* cells were detected within
the dense infiltration of RANKL* lymphocytes (Fig, 1b) Mev-
ertheless, the FoxP3* cells in the diseased tissues displayed
wvery little or no staining pattern for membrane RANKL
(mMRMAKL), considerably lessening the likelihood that
FoxP3* cells contribute to local bone resorption. The relative
number of cells counted for FoxP3, CD25 and mRANELin a
microscopic field is shown in Fig, 1c (= 10001, Although the
number of MRANEL* lymphocytes was increased signifi-
cantly in the diseased gingival tissues compared to healthy
tissues, there was no significant difference in the number of
CD25 cells or FouP3* cells between diseased and healthy
tisswes. The percentage of FoxP3* cells, based on the number
of mMRAMEL* lymphocytes in the diseased tissues, was
47 £ 56% (average = s.d., w=4), indicating that a very low
rate of FoxP3* lym phocytes is present in the diseased tissues.
Very importantly, the percentage of CD25FoxP3 double-
positive cells in the total CD2 5 cells was high (about 77% ) in
healthy gingival tissue, while no CD25/FoxP3 double-positive
cells were detected in diseased gingival tissues (Fig. 1d ).
Secondly, we employed enzyme-linked immunosorbent
assay (ELISA) (Fig. 2) to examine cytokines present in the
gingival homogenates, inchiding sRANEL, [IL-1f and 1L-10,
to determine whether the T,,-associated cytokine, IL- 10, is
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expressed in periodontal diseased tissue in relation to
sRANKL. The concentrations of IL-10 and sRANEL in the
gingival fissues showed negative correlation (Fig. 2b),
whereas a positive correlation was detected between IL-15
and sRAMEL (Fig. 2a). Interestingly, there were no signifi-
cant differences in IL- 10 concentrations between healthy and
diseased tissues (healthy, 131 = 267 ppimg tissue; diseased,
112 = 4.9% pg/m] tissue, “average = s.d.). Therefore, based
on reports that CD4° T cells with regulatory phenotype
CD25 produce IL-10 mBEMA in diseased gingival tissues [2],
the FoxP3* cells found in healthy and diseased gingival
tissues (Fig. 17 appeared to be at least one of the cellular
sources of IL-10 in gingival tissues.

Mext, in order to interpret the phenomenen of negative
correlation found between IL-10 and sRANEL in the above-
described  human  gingival tissue homogenates (Fig. 20,
healthy human peripheral blood mononuclear cells (PEMC)
were stimulated with the periodontal bacterium Aa in the
presence or absence of IL-10. Our mouse and rat models of
pericdontal disease demonstrate the relevance of antigen-
specific T cell activation in the context of RAMEL-mediated
pericdontal bone loss. Therefore, an antigen-specific T cell
activation assay was employed. Proliferative response of
PEMC upon Ag stimulation was determined using a
[*H]-thymidine incorporation assay (Fig. 3a). Ag-mediated
PEMC activation was inhibited by anti-HLA-DR antibody,
indicating that Ag-mediated PEMC proliferation is derived
from antigen-dependent T cell proliferation via Ag-antigen
presentation from  human  lencocyte antigen D-related
(HLA-DFE*) professional antigen-presenting cells (APC).
The healthy subject alse possessed positive serum IgG reac-
tion to Ag as determined by ELISA (not showni, which pro-
vides evidence that this healthy subject possesses both T and
B cell-mediated adaptive immune responses to Ag in an
antigen-dependent manner. The stimulation of PBMC
with Aq also up-regulated sRAMEL expression by PEMC
(Fig. 3b). Very im portantly, the addition of IL-10 suppressed
both  proliferation  and  production of sRANKL by
Ag-activated PEMC, indicating that a negative correlation
between IL-10 and sRANEL in gingival tissue homogenates
(Fig. 2a) may result from the suppression function of IL-10,
as it acts to reduce sSRAMNEL production by activated T cells.
It is noteworthy that PEMC stimulation with immobilized
anti-CD3 monoclonal antibody (MeAb) (UCTH-1) and
anti-CD28 Moab (clone CD282) also showed results similar
to those of Ag stimulation (not shown) [ 15]. Furthermore,
PEMC isolated from a patient with periodontal dissase, who
possessed elevated serum [gG response to Forphyromonas
intermedia (Pi), also showed a soluble RANEL expression
pattern similar to that of the healthy subject, as this patient’s
PEMC was stimulated with F¥ in the presence or absence of
IL-10 {not shown). To summarize, these results all demon-
strated that IL-10 can suppress BANKL expression induced
in T cells in an antigen-dependent manner, indicating that
IL-10 present in the gingival tissues may be engaged in the
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Fig, 1. Forkhead boo P3 (Poob 3 expression in CLR25-positive cells diminished in pericdontal diseased gingival tissue where abundant nuclear
factor-kB ligand (FAMEL*) lmphocytes infiltrate. Healthy gingival tissues (gingival pecket depth < 3 mm; =4, one male and three famales, ages
25-51 years) and inflamed gingival tissues { gingival pocket depth = 5 mm; » =4, two males and two fernales, ages 26-55 years) were analyzed for the
sxpression of PoxP3, CO25 and PAMEL on the infltcating lymphocytes in the tissues. (2) The presence of FoxP2 expression in the human gingival
tisanes was determined using donble-colour confocal microscopy. Fluorescein issthiooranate (FITC ~conjugated anti-human FoxP? antibody
{green) and Alexa Floor 647 -conjugated anti-human CD25 antibody (red) were reacted with frozen sections of himan gingival tissues of healthy
(=41 and diseased (w=4) gingival tissues. Fepresentative staining patterns of healthy and diseased gingival tissuss are shown. (b)) Staining pattem
of FagP3 in the healthy gingival tissues and periodontal diseased lesions with RATMEL lymphocytes was evaluated by staining with FITC-conjugated
anti-human FooacP3 antibody (green) and with osteoprotegerin (OPG )-Fe-bicting followed by TexasPed-avidin (red . The stained tisswes were also
analysed by the confocal microscope. In the healthy gingival tissue sample, an arrow indicates PAMFL-positive cells. (¢} The number of PoaP 3,
CO25 and RPAMEL-positive cells in the microscopic field (x 10007 were counted. Data from healthy and dissased gingival tissues (n=4 and w =4,
respectively ) are expressed as average c2ll number £ sd per microscopic Azld (n.d., not detectable). “Significantly higher than the number of FoxP2
aor L2 5-positive cells in either healthy or diseased tissuss by Stadent's -test (P = 0053, (d) The nurnber of BoxP3/CD25 double-positive cells and

total (2025 single-positive cells were counted in each microscopic field. The percentage of FoxP3-positive cells in CD25% cells is caloulated and

shown as an average percentage = s.d.
il

-

suppression of T cell activation and production of RAMEL
by the activated T cells.

Finally, the influence of IL-10 on RANEL expression by
PBMC in relation to FoxP3 expression was examined using
PEMC isolated from the same healthy subject shown in
Fig. 3. After 3 days of in virre stimulation with Ag, the PEMC
were fixed onto a glass slide and expressions of CD25, FoxP3
and mEAMNEL were determined using double-colour confo-
cal microscopy. The stimulation with Ag, irrespective of the
addition of IL-10, increased the number of CD25 cells and
FoxP3* cells, respectively, whereas the number of CD25/
FoxP3 double-positive cells remained similar to control non-
stimulated PBMC (Fig. 4a.d.g indicated by arrows). It is
noteworthy that two levels of FoxP3 expression, which we
term “bright” and ‘dim’ were observed and then differentiated
astollows: the CD25/FoxP3 double-positive cells appeared to
be bright in FoxP3 expression level (FoxP2e), while the
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Ag stimulation also up-regulated mRANEL expression by
PEMC (Fig. 4e) compared to control (Fig. 4b). The data
enumerated for CD25, FoxP? and mRAMEL expression by in
vitro-stimulated PEMC are shown in Fig. 4L m. In contrast to
the stable number of FoxP3*eCD25 cells, regardless of
stimulations, the increase in cell numbers for the other three
types of cells, FoxP3*™/CD2 5, FoxP3*/CD25" and FoxP37
CD25, was significant upon stimulation with Ag (Fig. 4m).
Of particular importance, the increased number of FoxP 34y
CO25 and FoxP2-/CD25 cells seemed to be due to the
transient inflimmatory stress caused by mitogenic compo-
nents present in Aa. This finding is confirmed by the obser-
vation that these same expression patterns were no longer
found in the Ag-activated PEMC on day 7 (Fig. 4i.k). This
phenomencn is supported by the study of Gorska er all, who

(b)
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Fig. 2. Measurement of soluble nuclzar factor-kB ligand ( sRAMEL), interleukin (IL-10) and IL-1P in gingival tissue homogenates, Gingival tissus
homogenates were prepared from inflamed gingival tissues from patisnts with pericdontal dissase {gingival pocket depth = 3 mm, averags 57 = 13
s, mm, age 22-58 years, n= 11, eight famales and three males) and healthy gingival tissues { gingival pocket depth = 3 mm, age 2741 years, n=13,
cme femnale and 2 males), following the procedurs described in the Materials and Methods. Concentrations of IL-1f, IL-10 and sFEAMEL in the
gingival tissus homogenates were measured using the DuoSet enzyme-linked immunssorbent assay (ELISA) K Opean or closad symbals indicate
the data fromm healthy or diseased gingival tissue homogenates, respectively. (a) Concentrations of [L-1F and sRAMEL and (b) concentrations f
IL-10 and sEAMEL are shown in scatter diagrams “Pesitive correlation between two parameters (s= 14, P < 0055 "*negative correlation between
two parameters (v= 14, < 0050
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Fig. X IL-10 suppressed fa witro soluble nuclear factor — KB ligand (sPAMEL) expression by activated peripheral blood moncnuclear cells (PEMIC).
In witro stirmulation of peripheral blood mononuclear cells (PEMIC) induced predominant nuclear factor-kE ligand (RAMEL) expression in
forkhead koo P2 (FoxP2i-negative cells, but little or no expression in PoxP3-pasitive cells. FEMC isolated from a healthy subdect were stimulated
with Aa ¥4 (107/ml) in the presence or absence of anti-human leucocyte antigen D-related (HLA-DR ) meonoclonal antibedy (Modb) (clone Gde-6),
control isotype-matched Mosk (PF18), or recombinant interleukin (IL3-10 (50 ngfml). Om day 3, culture supernatant was harvested and subjected
to human sPAMEL enzyme-linked imrmunosorbent assay ( ELISAL [*H]-thymidine (05 pCi) was added to the culoure during the last 16 h of a total
incutation of 4 days. The data from a healthy subject were expressed as average = s.d. of (a) ["H]-thymiding incorporation (kepm = 1000 c.p.m) or
(b secreted sRAMEL concentration (pgfml), respectively. FEMC isolated from another healthy sulect and a patient with periodontal disease
showed similar expression patterns of sRAMEL in response to bacterial stimulation in the presence of IL-10 (not shown b " Significantly lowsr than
An stimnulation alone (#) by Student's test (P < 0050

reported that the frequency of CD25 cells in the PEMC
decreases significantly after proper periodontal surgery [20],
which eliminates the generic inflammation in periodontal
tissues,

The FoxP3#* cells demonstrated little or no mAANKL
expression, whereas FoxP32® cells expressed mRANEL to a
relatively strong degree (Fig. 4be.h). Although FoxP34= cells
disappeared on day 7 in Ag-stimulated PEMC, FoxPabue
cells, as well as mRANEL* cells, remained at the same levels
of frequency and intensity as determined on day 3 (Fig. 4j.k).
However, the addition of IL-10 suppressed  such
Ag-mediated mRANEKL expression by PEMC on day 3
(Fig. 4him) and on day 7 inot shown). The increased
expression of mRANEL was observed in the CD4 T cells
(Fig. 4f). These results indicate that upon activation of
PEMC with Ag, FoxP3*® expression could be induced

transiently in T cells. mPANEL expression was expressed
prominently in FoxP3 negative cells and in FoxP 39 cells, but
not in FoxP ke cells, which were most probably represented
by the presence of CD25/FoxP? double-positive cells. It must
be emphasized that CD25/FoxP3 double-positive cells are
considered to function as T, cells [1]. As such, the produc-
tion of Teeassociated cytokine IL-10 seems to suppress
RAMEL expression by T cells, which indicates that T, cells
can down-regulate RANKL expression by activated T cells, as
long as Trg cells produce IL-10/in the periodontal tissues, as
reported previously [17].

Discussion

Overall, the present study demonstrated the following nowvel
findings about T, cells in the context of periodontal disease:

-

Fig. 4. In vitro stimulation of peripheral blood moncnuclear cells (PEMCi-induced predominant nuclear factor-kB ligand ( PAMEL) expression in
forkhead koo P2 (FowP 3 - negative cells compared to FoxP3 positive cells. PEMIC isolated from healthy subjects were stimulated with formalin-fiwed
Actinobacilus actinomyeetemeomitans (Aa) V4 (107ml in FPMI-1640 medivm supplementad with 10% fetal bovine serum (FBS) and antibictics in
the presence or abssnce of human recornbinant interlenkin (IL3-10. Three days after incubation, the czlls wers fixed and stained with fluoresczin
isothicoyanate (FITC -eonjugated anti-human PoxP3 antibody, Alexa Fluor ad7-conjugated anti-hirman CD25 antibedy, Alewa Fluor 647 -conjugated
anti-human C04 and osteoprotegerin (OPG)-Po-bictin/ TexasRed-conjugated avidin, The staining pattern for each molscule was analysed using the
donble-colowr confocal microscope. Representative staining patterns of merged images between green and red colours are shown at 640
rmagnification. The armows in (a), (d) and (g} indicate the BoxP3ACD25 double-positive cells. All thres samples, including two healthy subjects and
onge patient with pericdontal disease, showed similar expression patterns of CO25, FoxP? and FAMFL after stimulation with Ag in the presence or
absence of 1L-10. (a-i) PEMIC of a healthy subject stimulated for 3 days; (3, k) PEMC of a healthy subject stimulated with Aa for 7 days. The
nurnbers of cells positive for respective molecules were counted in a microscopic field containing a total of 100 PEMC cells (1, FeP3 and/or CD25
mmbd, PAMEL) *Significantly higher than non-stirnulation controlby Student’s s-test (P < 0055 **significantly lower than As stirmulation alone by
Student’s -test (P < 0-05),
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1 FoxP3/CD25 double-positive cells are present in healthy
gingival tissues, whereas FoxP3 or CD25 single-positive
cells, but not FoxP3/CD2E double-positive cells, are found
in diseased gingival tissues.

2 The percentage of FoxP3* cells is as low as 5% within the
otherwise massive infiltration of RANKL- lymphocytes
found in the diseased gingival tissues.

3 A negative correlation  between concentrations  of
sRAMNKL and IL-10 in the gingival tissue homogenates has
been demonstrated.

4 Inthe peripheral blood lymphocytes stimulated with bac-
teria (Aa)l in an antigen-dependent fashion, mRANEL
expression is expressed prominently in FoxP? negative
cellsand in FoxP34= cells, but not in FoxP 3t cells, which
most probably represents the presence of CD25/FoxP3
double-positive cells.

5 T,eassociated cytokine I1L-10 can suppress RAMEL
expression by PBMC stimulated in an antigen-specific
MANTET.

Several examples of these finding can be found in the
literature. Recwrrent aphthous uoleerations (RALT is a
chronic inflammatory disease with evidence of inappropri-
ate immune response towards microorganisms found in the
oral cavity of patients with RAL [21-23]. Peripheral blood
of these patients is reported to show a decreased number of
CD4CD254A T, cells along with the predominance of
type 1 cytokine production by cultured PEMC [24]. Another
example is found in systemic lupus erythematosus, where a
diminished number of T, cells is also implicated [25]. These
lines of evidence suggest that a diminished T, cell count
may be attributed to “out-of-control’ immune responses in
certain diseases.

The current study found that an amount equal to only
%% of FoxP?* cells is present in the RANEL® lymphocytes
infiltrating diseased gingival tissues. This finding, however,
contradicts the report by Ito e al. [17], where they demon-
strate that a majority of CD4 T clone cells (nearly 100%;)
established from T cells infiltrating periodontal diseased
tissues is positive for FoxP3 and IL-10 mBMNA. None the
less, it is reported that almost all human CD25CD4" T cells
express FoxP3 upon activation, peaking at 72 h, whereas in
mice only CD25C04° T, cells, but not CD25CD4 T
cells, express FoxP3, irrespective of activation |26.27]. Fur-
thermore, other studies have demonstrated that most
human CD4* clone cells are FowP3-positive [28]. The
FoxP2®™ cells found in Aa-stimulated PEMC, which were
also RANEL® on day 3 iFig. 4e.h), may represent those
FoxP3* cells that can be induced in an activation-
dependent manner. It is significant that all FoxP3%= expres-
sion in Ag-stimwlated PBMC diminished dramatically,
whereas RANEL expression remained positive in those cells
(Fig. 4k). Therefore it is conceivable that, in the study by
Ito et i, T cell stimulation with CD3 and IL-2 may have
induced FoxP3 mRNA in an activation-dependent manner,
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which then resulted in an extracrdinarily high percentage
of FoxP2® T cell clones. In terms of the fluorescent-
immunchistochemistry results for the gingival tissue sec-
ticns shown in Fig 1, the FoxP23-positive cells found in the
diseased tissue appeared to be FoxP3*= cells, which are
activated in a transitory manner under inflammatory con-
ditions, whereas the FoxP3/CD25 double-positive cells
found in healthy gingival tisswes appeared to be FogP bt
cells (Fig. 1b).

It is also reported that systemic administration of IL-10
can suppress periodontal bone resorption induced by
adoptive transfer of RANKL expressing human T cells into
non-obese diabetic (NOD)/SCID-mice [29]. In this SCID
mouse madel, although it is unclear if IL-10 reduces the
amount of RANKL expression from the adoptively trans-
ferred human T cells, systemic [L-10 administration clearly
suppressed the frequency of Thi-type human T cells [inter-
feron (1FM)-y producers] in the NODYSCID-mice. We also
previously demonstrated in the mouse periodontal dissase
model with P gingivalis infection that periodontal bone loss
is increased in the IL-10 gene knockout mice compared to
the wild-type mice |30]. Findings in the present study have
demonstrated (1) the negative correlation between IL-10
and sRANKL concentrations in the human gingival tissues
and (2} the suppression function of IL-10 on RAMEL expres-
siom and proliferation by activated PEMC cells. These find-
ings are therefore consistent with the results of the two mouse
models noted above, which show the suppression role of
IL-10 in periodontal bone loss induced by RANEL produc-
tion by activated T cells.

In addition to the suppression role of [L-10, it is notewor-
thy that TGF-f also plays an important role in the immune
suppression function of T, cells. As TGF-f mEMNA appears
to be expressad in the T, cells present in the gingival tissue
[2]. the possible engagement of TGF-F in RANKL-mediated
periodontal disease is yet to be elucidated. In particular,
TGE-f is reported to increase osteoprotegerin (OPC)
expression by bone marrow stromal cells [31]. Therefore, it is
very plausible that T, cells play a suppressive regulatory role
in the inflimmatory bone resorption lesion of periodontal
disease, while elaboration of such a hypothesis in both in
vitro and in vivo stdies is still required to elucidate the
relevance of T, cells in the context of periodontal bone
resorption.

Kopitar e:al. [32] found that commensal oral bacteria
antigens prepared from Bacteroides frapilis, Streprococcus
mitis and Propfonitaceerinm acnes prime human dendritic
APCto induce Thl, Th2 and T, differentiation, respectively,
indicating that antigenic properties of bacteria can modulate
the APC instruction mechanism on T, as well as adaptive T
cells (Thl and Th2) [32]. Therefore, the composition of
bacterial flora in the periodontal crevice may affect the
induction of T, cells in the periodontal tissue. Mone the less,
the present study demonstrated clearly that FoxP3/CD25
double-positive cells diminish in the bone resorption lesion
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of periedontal dissase where abundant RANEL® lympho-
cytes infiltrate. It is speculated that chernoattractant factors
that recruit FoxP3/CD25 double-positive T.,, cells are down-
regulated, or antagonized, in the diseased gingival tissue and
that this results in the decrease of FoxP3/CD25 double-
positive T, cells in the bone resorption lesion of periodontal
disease.

In addition to Ty,-associated IL-10 cytokine production,
it is remarkable that IL-10 is also produced by Thl2-type
cells. Although it is considered a controversial finding in
the literature, both Thl and Th2 cell types are found in
periodontally diseased tissues [33,34]. Interestingly, our
preliminary in vitro studies demonstrated that another Th2
cytokine, IL-4, can up-regulate the sEANEKL production by
CD3/Ch28-stimulated naive T cells isolated from both
humans and mice (unpublished data). Therefore, it is plau-
sible that I1-4 produced by Th2 type T cells may antago-
nize the suppression of RANKL-expression by IL-10.
Consequently, the cellular source and expression pattern
of IL-10 and IL-4 in periodontal lesions may play a key role
in the regulation of RAWKL production by the T effector
cells.

In summary, the present study demonstrated that dimin-
ished FoxP3/CD25 double-positive T,,, cells, in the context
of periodontal diseased tissue, is associated with pathogenic
RANEL expression by activated Iymphocytes. Possible pro-
duction of immune suppressive cytokine IL-10 by T,,, cells
also appeared to play a pivotal role in the regulation of such
EANFKL expression.
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