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SOUZA, Veruska Cintia Alexandrino de. Avaliacdo do potencial terapéutico de mondcitos
e vias de ativacao de macrofagos em modelos experimentais de hepatopatias cronicas.
2017. Tese (Doutorado em Biociéncias e Biotecnologia em Saude) - Instituto Aggeu
Magalhées, Fundagdo Oswaldo Cruz, Recife, 2017.

RESUMO

As doencas cronicas do figado sdo caracterizadas por alteracbes no processo de reparo
tecidual, resultando na deposicdo excessiva de tecido fibroso e inibicdo da dinamica de
regeneracdo. Atualmente ndo h& metodos terapéuticos eficazes para as hepatopatias
avancadas, e a terapia celular tem aberto novas perspectivas de tratamento. Nesse contexto, 0s
monocitos tém se destacado como potenciais candidatos ao transplante celular, devido a sua
plasticidade e envolvimento nos processos de inflamacdo e reparo. Assim, o presente estudo
avaliou os efeitos terapéuticos de monocitos derivados de medula 6ssea em modelos
experimentais de lesdo hepética cronica. Para isso, Camundongos C57BL/6 foram utilizados
para a obtencdo de dois modelos de injdria hepatica: 1) Modelo toxico, induzido por
tetracloreto de carbono (CCl,) e etanol, e 2) Modelo parasitério, induzido por infeccdo pelo
Schistosoma mansoni. Apds o estabelecimento dos modelos de lesdo hepatica, mondcitos
isolados por separacdo imunomagnética, a partir da medula 6ssea de camundongos doadores,
foram administrados via endovenosa nos animais com hepatopatias. Os efeitos da terapia
foram avaliados por meio de analises morfologica, morfometria, avaliacdo bioquimica,
imunoldgica e de expressdo génica. A terapia com mondcitos promoveu reducdo significativa
da fibrose hepética e do estresse oxidativo. Além disso, citocinas pro-inflamatorias e fatores
pré-fibréticos foram reduzidos, bem como fatores anti-inflamatérios e anti-fibrogénicos
tiveram seus niveis aumentados. O transplante de mondcitos induziu alteracfes significativas
na expressdo hepética de alfa-actina de musculo liso (a-SMA), além de mudanca nos niveis
de expressdo de marcadores de perfis de ativacdo de macrdfagos. Péde-se concluir que a
terapia com mondcitos foi capaz de promover diminuicdo do quadro de fibrose hepéatica em
modelos murinos de lesdo cronica de figado, reduzindo o estresse oxidativo e inflamacédo e
atuando na regulacdo de mediadores da fibrogénese.

Palavras-chave: Terapia Baseada em Transplante de Células e Tecidos. Mondcitos.
Macrofagos. Tetracloreto de Carbono — toxicidade. Esquistossomose mansbnica -

complicacdes.



SOUZA, Veruska Cintia Alexandrino de. Evaluation of therapeutic potential of monocytes
and macrophage activation pathways in experimental models of chronic hepatopathy.
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Magalhées, Fundagdo Oswaldo Cruz, Recife, 2017.

ABSTRACT

Chronic liver diseases are characterized by changes in the tissue repair process, such as an
excessive deposition of fibrous tissue and inhibition of regeneration dynamics. Currently,
there are no effective therapeutic methods for advanced liver disease. In this context,
monocytes have emerged as potential candidates for cell transplantation because of its
plasticity and involvement in inflammation and repair processes. The present study evaluated
the therapeutic effects of bone marrow-derived monocyte in experimental models of liver
fibrosis. C57BL/6 mice were used to obtain two models of liver fibrosis: 1) Toxic model,
induced by administration of CCl, and ethanol; 2) Parasitic model, induced by Schistosoma
mansoni infection. After the establishment of liver injury models, monocytes isolated by
Immunomagnetic separation from bone marrow of donor mice were administered were
administered intravenously in the animals with hepatopathies. The effects to therapy were
evaluated by morphological, morphometric, biochemical, immunological and gene expression
analysis. monocyte therapy promoted a significant reduction of liver fibrosis and oxidative
stress. In addition, pro-inflammatory cytokines and pro-fibrotic factors were reduced, as well
as the anti-inflammatory and anti-fibrogenic factors had their levels increased. monocyte
transplantation induced significant alterations in liver expression of alpha-smooth muscle
actin (a-SMA\), as well as changes in the expression levels of macrophage activation profile
markers. monocyte transplantation was able to promote reduction of liver fibrosis in murine
models of chronic liver injury, reducing oxidative stress and inflammation, and acting on the
regulation of fibrogenesis mediators

Key words: Cell and Tissue Transplantation Based Therapy. Monocytes. Macrophages.

Carbon Tetraclorhide; Schistosomiasis.
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1 INTRODUCAO

As enfermidades hepaticas vém representando um grave problema de satde publica em
todo o mundo. Essas doencas podem ser secundarias a diferentes etiologias a exemplo das
infecgBes virais dos tipos A, B e C, infecgBes parasitarias, uso excessivo de alcool e de
substancias toxicas e até mesmo disfuncGes metabdlicas e auto-imunes.

De uma forma geral, quando o tecido hepatico sofre algum dano e o equilibrio funcional
do 6rgéo é prejudicado, podem ocorrer alteracdes no processo de reparo, resultando em uma
exacerbagdo do tecido de cicatrizagdo. O desenvolvimento continuo e difuso do tecido de
reparo no parénquima, juntamente com as alteracGes secundarias do sistema vascular, leva ao
desenvolvimento da fase cronica da doenca, podendo evoluir, em alguns casos, a insuficiéncia
hepética. Nos casos de insuficiéncia hepatica descompensada o transplante de figado passa a
ser o tratamento com melhor resultado, no qual cerca de 75% dos individuos apresentam um
indice de sobrevida de cinco anos.

A principal dificuldade encontrada nos centros que realizam transplantes hepaticos é o
namero limitado de doadores, em fungdo do ndmero crescente de pacientes que aguardam
transplante. Além disso, deve-se considerar que o transplante hepéatico é um procedimento
cirdrgico com riscos e que leva o paciente ao uso de drogas imunossupressoras para o resto da
vida. Diante destes aspectos torna-se importante o desenvolvimento de novas estratégias
terapéuticas para as doencas hepaticas crénicas.

Na busca de substitutos bioldgicos que mantenham, melhorem ou restaurem as funcdes
de 6rgdos e tecidos do corpo humano, a perspectiva do uso da terapia celular pela medicina
regenerativa vem demonstrando importantes resultados nas doencas hepaticas. Investigacoes
acerca do potencial terapéutico de determinadas populagdes celulares tém mostrado que
células da medula 6ssea (CMO) podem contribuir para o processo de reparo tecidual. Estudos
pré-clinicos tém demonstrado que as CMO séo capazes de se diferenciar em células epiteliais
hepéaticas, com melhora das funcbes do figado. A reducdo do indice de mortalidade de
camundongos com lesdo hepéatica também foi evidenciada no modelo experimental de
hepatite fulminante, apés transplante de CMO. A diminuicdo dos niveis de tecido fibroso
também contribui para a melhora do tecido hepatico. Um menor percentual de fibrose apds
terapia celular pode estar associado a um aumento da producdo de metaloproteinases e
diminuicdo dos niveis do Fator de Crescimento e Transformagdo-beta (TGF-B), uma das
principais citocinas envolvidas na fibrogénese.

Com base nos estudos experimentais, ensaios clinicos de fase I utilizando transplante
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autdlogo de medula 6ssea em pacientes portadores de hepatopatias crénicas foram iniciados.
Pacientes portadores de cirrose hepatica foram submetidos a infusdo de células-tronco
mononucleares autlogas da medula 6ssea atraves da artéria hepatica. Nenhum efeito adverso
da terapia com células da medula 6ssea foi relatado. Além disso, este e outros estudos indicam
melhora da fungdo hepética por terapia celular.

Nossos estudos vém demonstrando que dentre populac6es celulares presentes na medula
0ssea, células da linhagem monocitica podem apresentar relevante potencial terapéutico frente
as hepatopatias, devido a sua plasticidade e conhecida participacdo em diversos processos,
tais como inflamacéo e reparo tecidual. Os macrofagos sdo a forma madura dos mondcitos e
distribuem-se amplamente nos tecidos, podendo ser ativados por vias distintas e assumindo
assim diferentes fendtipos. Estes desempenham funcdes especificas, que vao desde fagocitose
e apresentacdo de antigeno, até mesmo acdo direta na resposta imune associada a infeccGes
parasitarias, processos alérgicos e no reparo tecidual, através da secrecdo de citocinas anti-
inflamatorias e anti-fibroticas.

Pesquisas recentes tém investigado o comportamento dos mondcitos/macrofagos frente
as doencas cronico-degenerativas, em diferentes modelos pré-clinicos, bem como em estudos
com pacientes. Os resultados obtidos até entdo permitem considerar essas células como

potenciais ferramentas terapéuticas para o tratamento das doencas crénicas do figado.
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2 REFERENCIAL TEORICO

2.1 Reparo Hepético

As ceélulas do tecido hepético estdo suscetiveis a agressdes oriundas de diferentes
etiologias. A morte celular (necrose ou apoptose), resultante de estimulos agressores, sejam
eles de natureza quimica, fisica ou biologica, induz a liberagdo de mediadores quimicos que
tentam manter a homeostase, iniciando assim o processo de reparo tecidual (PELLICORO et
al., 2014). O reparo hepético €é caracterizado por dois eventos importantes: a cicatrizacdo ou

fibrogénese e a regeneracao.

2.1.1 Fibrogénese Hepética

A fibrose hepatica pode ser definida como um processo tecidual, celular e molecular
dindmico e altamente integrado, consequéncia de uma reacdo de cicatrizacdo que ocorre no
figado em resposta as lesdes teciduais crénicas (DRANOFF; WELLS, 2010; NOVO et al.,
2014; ZHANG et al., 2016). Essa condigdo patoldgica estd presente na maioria das disfuncoes
crénicas do figado, e é considerado um evento essencial diretamente associado a severidade
das lesbes hepaticas (SCHUPPAN; KIM, 2014). Todavia, a deposi¢do continua do tecido
fibroso é capaz de comprometer as fun¢Ges normais do figado, podendo levar o paciente ao
estagio de cirrose e insuficiéncia hepatica (PINZANI, 2013; ROSSELLI; MACNAUGHTAN,;
WEISKIRCHEN; TACKE, 2016). InteracGes entre diferentes vias de sinalizacdo e diversos
tipos celulares conduzem a progressao da fibrose hepatica (SUN; KISSELEVA, 2015).

De um modo geral, a fibrogénese hepética é desencadeada por resposta inflamatéria e
induzida por células da imunidade inata, principalmente macréfagos e neutréfilos
(BATALLER; BRENNER, 2005). Essas células liberam citocinas e quimiocinas pro-
fibrogénicas, que estimulam e intensificam a producdo e secrecdo de proteinas da matriz
extracelular (MEC — colageno, proteoglicanas, fibronectina e elastina), que sdo depositadas no
parénquima hepatico, com o objetivo de substituir as células mortas (FRIEDMAN et al.,
2013). Esta etapa é de grande importancia para a recuperacdo do figado, que tera sua estrutura
mantida até que novas células hepéticas sejam formadas e o parénquima seja restaurado,
fendmeno esse denominado regeneracdo (PELLICORO et al., 2014).

No figado, quando um estimulo agressor torna-se continuo e persistente, muitos

hepatocitos sdo perdidos e a capacidade regenerativa desse 6rgédo fica comprometida (POPOV
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et al., 2011). Além disso, o acumulo continuo de MEC rica em colageno | e Ill tem como
consequéncia uma deposicdo excessiva de tecido de cicatrizacdo e fibrose hepatica, com
substituicdo de um tecido integro (parénquima composto de hepatdcitos) por tecido com
funcéo, apenas, de sustentacdo (DRANOFF; WELLS, 2010; VAN DIJK et al., 2015).

2.1.2 Células Estreladas Hepaticas

A producdo de MEC e formacdo de tecido fibroso é estabelecida por populacbes
celulares heterogéneas (ELPEK, 2014). Em geral, fibroblastos e miofibroblastos sdo as
principais células envolvidas no processo de cicatrizacdo tecidual (PELLICORO et al., 2014).
No figado, as celulas estreladas hepaticas (CEHs) sdo consideradas a principal populacdo
celular com capacidade fibrogénica, por serem grandes produtoras de componentes da MEC e
por atuarem diretamente na regulacdo da fibrogénese hepatica, independente da etiologia
(KISSELEVA; BRENNER, 2011).

As CEHSs, conhecidas também por células de Ito, sdo células de origem ainda nédo
definida, localizadas nos espacos perisinusoidais de Disse (FRIEDMAN; SCHWABE, 2012;
LEPREUX; DESMOULIERE, 2015). No figado normal, as CEHs encontram-se quiescentes,
armazenam grandes quantidades de acido retindico (Vitamina A) e sintetizam Proteina Acida
Fibrilar Glial (GFAP), o que reforca a hipétese de que essas células tenham origem a partir de
precursoras de células neurais, as células progenitoras mesenquimais multipotentes derivadas
do mesoderma (MMPC) (BRENNER et al, 2012; KORDES et al., 2014; VISHNUBALAJI et
al., 2012). Em resposta a lesdo hepatica, mediadores inflamatérios de origem paracrina e
autocrina estimulam a transdiferenciacdo das CEHs (Figura 1), que perdem seus estoques de
vitamina A e de GFAP, e assumem fenotipo de miofibroblasto, altamente proliferativo,
migratorio e contractil, produzindo e secretando grandes quantidades de proteinas da MEC,
principalmente colageno tipo | (PUCHE; SAIMAN; FRIEDMAN, 2013; SHAH et al., 2013).

Durante o processo de ativagdo, as CEHs passam a expressar, em seu citoplasma,
grandes quantidades da proteina citoesquelética alfa-actina de musculo liso (a-SMA),
adquirindo capacidade de contractilidade (COHEN FTALY; FRIEDMAN, 2011; PUCHE;
SAIMAN; FRIEDMAN, 2013; SHI; ROCKEY, 2010;). Esse comportamento tem como
consequéncia a constriccdo perisinusoidal e hipertensdo portal, impedindo o fluxo sanguineo

portal, 0 que agrava ainda mais o quadro de fibrose hepatica (XU et al., 2012).
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Figura 1- Ativacao das células estreladas hepaticas no figado.
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Fonte: Adaptado de Elpek (2014).

Nota: Em condi¢des normais, as CEHs encontram-se quiescentes, e estdo localizadas no espaco perisinusoidal
de Disse, atuando como células armazenadoras de acido retindico. Essas células sdo ativadas mediante estimulos
inflamatorios decorrentes, e sofrem transdiferenciagdo, assumindo fenotipo de miofibroblastos, passando a
produzir e secretar grandes quantidades de proteinas da MEC.

Legenda: CEH-célula estrelada hepatica; MEC-matriz extracelular

A ativacdo das CEHs é um evento primordial no estabelecimento da fibrose hepética
(KORDES et al., 2014), uma vez que estas células sdo responsaveis pela secre¢do de cerca de
80% do colageno fibrilar tipo | (LEPREUX; DESMOULIERE, 2015). Essa ativagio é
induzida por mediadores quimicos, produzidos por células inflamatorias e também por células

residentes do figado (hepatdcitos, células de Kupffer e células endoteliais) (ELPEK, 2014).

2.1.3 Sintese e degradacéo de tecido fibroso

O remodelamento do tecido fibroso é crucial para a manutencdo da homeostase tecidual
durante a lesdo hepética. O processo de cicatrizacdo é eficientemente regulado em condicGes
normais, por um grupo de enzimas envolvidas na degradagdo do tecido fibroso, conhecidas
com metaloproteinases de matriz (MMP), que controlam e mantém a relacdo fibrogénese-
fibrolise estavel (GAO; BATALLER, 2011). No entanto, lesbes continuas ao tecido induzem
maior deposicdo e menor degradagdo de matriz cicatricial, que se acumula no tecido hepatico
(DAS; VASUDEVAN, 2008; SCHUPPAN, 2015).

MMPs sdo colagenases produzidas por varios tipos celulares, e estdo diretamente
associadas a degradagdo de tecido de cicatrizacdo (IREDALE; BATALLER, 2014). No

figado, as enzimas MMP-2, MMP-9 e MMP-13 desempenham papel importante na resolucéo



21

da fibrose hepética, e tém sido consideradas potentes alvos terapéuticos (PHAM VAN et al.,
2008).

A regulacdo da resposta fibrogénica também envolve moléculas denominadas Inibidores
Teciduais de Metaloproteinases (TIMPSs), que tém por funcéo inibir a atividade enzimatica das
MMPs (KESSENBROCK; PLAKS; WERB, 2010). Na lesdo hepética cronica, esses
inibidores encontram-se em quantidades elevadas, contribuindo para o estabelecimento do
quadro de fibrose hepatica e inibicdo da regeneracdo do figado (GIELING; BURT; MANN,
2008; MOHAMMED et al., 2005). Além disso, 0 TIMP-1 também tem efeitos anti-
apoptdéticos nas CEHSs, estmulando assim a fibrogénese por promover a sobrevivéncia dessas
células fibrogénicas (ELPEK, 2014).

2.1.4 Moléculas de sinalizagdo na fibrose hepatica

O estabelecimento da fibrose hepatica é precedido por uma resposta inflamatoria, com
envolvimento de elementos tanto da imunidade inata quanto adaptativa (ZHANG et al., 2016).
Diferentes moléculas de sinalizagdo, com origem e funcdo distintas, sdo fundamentais para a
regulacao do processo fibrogénico (ZHOU; ZHANG; QIAO, 2014).

A maioria dos tipos de agressdo ao tecido hepético provoca dano aos hepatocitos,
evento que estimula a liberacdo de mediadores inflamatdrios, e consequente recrutamento de
leucdcitos para as areas de lesdo (JIANG; TOROK, 2013). A fagocitose das células mortas
amplifica a resposta inflamatoria, através da produgdo das citocinas fator de necrose tumoral-
alfa (TNF-a), interleucina (IL)-6 e IL-1B (MA et al.,, 2016). Tais mediadores pro-
inflamatdrios estimulam a secre¢do de moléculas envolvidas no processo de fibrogénese,
dentre as quais se destaca o fator de crescimento e transformacéo-Beta (TGF-B), considerado
o principal mediador pré-fibrogénico conhecido (YOSHIDA; MATSUZAKI, 2012).

No figado, 0 TGF-B ¢ sintetizado principalmente por células hepaticas residentes,
apresentando-se em trés isoformas - TGF-B1, TGF-p2 e TGF-B3 (DOOLEY; DIKE, 2012).
O TGF-B1 se destaca por ter um papel fundamental na iniciagdo e na manutencdo da
fibrogénese hepatica (DOOLEY; DIKE, 2012; LEE; WALLACE; FRIEDMAN, 2015), e
esta diretamente envolvido na ativacdo das CEHSs e na sintese de componentes da MEC, tais
como colageno tipo I, fibronectina e proteoglicanas (INAGAKI; OKAZAKI, 2007). Tem
participacdo na inibicdo da degradacdo da MEC, através da diminuigdo da sintese de MMPs e
do aumento da producdo de TIMPs, levando a deposicdo excessiva de fibras colagenas e
promovendo o estabelecimento da fibrose hepatica (KISSELEVA et al., 2011).
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Outros mediadores também estdo envolvidos na patogénese da fibrose hepética. Dentre
estes, pode-se destacar: galectina-3 (gal-3), uma proteina que tem sido associada a ativacédo
das CEHs e de outras células fibrogénicas (HENDERSON et al., 2006; TRABER; ZOMER,
2013); IL-13, envolvida na regulacdo da sintese de TGF- B1 pelas células do figado
(KAVIRATNE et al., 2004); osteopontina (OPN), citocina pro-inflamatéria que modula o
fenotipo pré-fibrogénico de CEHs e esta envolvida em muitos processos patoldgicos
incluindo inflamacéo, fibrose e angiogénese (PEREIRA et al., 2015). Pesquisas demonstram
que a inibicdo desses fatores pode contribuir para a regressao da fibrose hepatica (OLIVEIRA
etal., 2012; TRABER et al, 2013).

2.1.5 Reversibilidade da fibrose hepatica

Atualmente, ndo existe nenhum tratamento efetivo para fibrose hepética e dessa
maneira, diversos estudos tém buscado alternativas terapéuticas seguras e eficazes. Nos
estagios iniciais de lesdo hepatica, é possivel restabelecer o microambiente hepatico e a
fibrose ser potencialmente reversivel. A deposicdo prolongada de fibras colagenas torna o
tecido fibroso mais estavel e resistente a degradacdo (POPQOV et al., 2011). Uma possivel
reversibilidade no quadro de fibrose hepatica vai depender da remocéo da exposicdo ao agente
etioldgico associada a uma terapia anti-fibrogénica (SCHUPPAN; PINZANI, 2012). Estudos
tém associado a diminuicdo da fibrose hepatica a degradacao de tecido fibroso, através da
acao de MMPs, e inibicdo da ativacdo das CEHs (TROEGER et al., 2012).

Pesquisas estdo sendo conduzidas, considerando as CEHs como alvo bastante promissor
no desenvolvimento de estratégias terapéuticas para as doencas cronicas do figado
(TANIMOTO et al., 2013; ZHANG et al., 2016). A reversibilidade da fibrose hepéatica tem
sido associada a: 1) Inibicdo da ativagdo das CEHs (HUANG; DENG; LIANG, 2017); 2)
Conversdo fenotipica das CEHSs para o estado quiescente (TROEGER et al., 2012); 3) Inducéo
da apoptose das CEHs (MALAT; LOTERSZTAJN, 2013); 4) Inducdo a senescéncia das
CEHs (KRIZHANOVSKY et al., 2008); 5) Eliminacdo das CEHs pela imunidade inata
(MALAT; LOTERSZTAJN, 2013) e adaptativa (WYNN; RAMALINGAM, 2012) (Figura 2).
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Figura 2- Mecanismos de reversibilidade da fibrose hepatica, com atuacao nas células estreladas hepaticas
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Fonte: Adaptado de Huang; Deng e Liang (2017).

Nota: Novas propostas terapéuticas podem ter como alvo a inibicdo da ativacdo das CEHSs (1), a conversdo
fenotipica das CEHSs para o estado quiescente (2), a ilnducdo da apoptose das CEHSs (3), a indugdo a senescéncia
das CEHs (4), ou a eliminacdo das CEHs pela imunidade inata e adaptativa (5).

Legenda: CEH-célula estrelada hepética

2.2 Modelos experimentais de leséo hepatica cronica

A utilizacdo de modelos experimentais de doencas é de extrema importancia para
desenvolvimento de pesquisas nas areas da salde humana. Esses modelos permitem investigar
alteracbes imunopatoldgicas e patofisioldgicas resultantes de diferentes etiologias, ou ensaiar
0 uso de novas ferramentas para tratamento e cura de enfermidades que acometem o homem.
Esses estudos devem ser realizados de forma ética, obedecendo a critérios estabelecidos por
comissfes que garantam o bem-estar animal durante toda a experimentacdo (ZHANG et al.,
2016).

O estabelecimento de modelos experimentais que mimetizam as doengas humanas do
figado tem contribuido enormemente para o entendimento dos mecanismos envolvidos na
patologia da doenca, bem como para o desenvolvimento de novas estratégias de tratamento
para as hepatopatias (STARKEL; LECLERCQ, 2011). Dentre a variedade de espécies
utilizadas, os camundongos (Mus musculus) sdo a preferéncia, por serem animais de baixo
custo, facil reproducdo e manutencdo no laboratorio. Além disso, apresentam forte

similaridade genética com a especie humana e permitem o desenvolvimento de pesquisas em
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diferentes estagios da lesdo hepatica, bem como a possibilidade de utilizar animais
geneticamente modificados (LIU et al., 2012).

Os modelos experimentais podem ser obtidos por métodos toxicos (Tetracloreto de
Carbono — CCl,, Etanol, Tioacetamida —~TAA, Dietilnitrosamina — DMN, D-galactosamina),
métodos cirargicos (ligacdo do ducto biliar), por modificacdes genéticas (camundongos
knouckout Abcb4/) e por uso de agentes infecciosos (esquistossomose mansonica) (CRESPO
YANGUAS et al., 2016).

2.2.1 Modelo toxico induzido pelo tetracloreto de carbono

O tetracloreto de carbono (CCl,) consiste de um liquido incolor e hidrofébico. Antes era
bastante usado no setor industrial, como solvente quimico, pesticida e alvejante. Porém, apés
a constatacdo dos maleficios desse composto a salde humana e ao ambiente, seu uso foi
drasticamente reduzido (ATSDR, 2003). Dentre os efeitos deletérios causados pelo CCly,
alteracdes hepaticas foram relatadas, tais como esteatose, necrose hepatocelular, fibrose e
cirrose. Esses relatos conduziram o uso do CCl, para fins experimentais (ATSDR, 2003).

Durante o processo de metabolizagdo, CCl, é convertido em radicais livres, tais como o
triclorometil (Cl3"), através de uma reacdo de reducdo catalisada pelo citocromo p450 2E1
(CYP2EL) nos hepatocitos (MEDERACKE, 2013). Este radical é altamente reativo e sua
producdo resulta na auto-oxidacdo dos &cidos graxos insaturados presentes nos fosfolipidios
(peroxidacdo lipidica) e consequente lesdo de membrana, que culmina em necrose centro-
lobular severa (WEBER; BOLL; STAMPFL, 2003). Outra caracteristica evidente na acdo
hepética do CCl, é o acimulo de moléculas lipidicas no citoplasma de hepatdcitos (esteatose),
resultante da inibicdo na producdo de apoproteinas (proteinas carreadoras de lipidios). Esta
toxina também provoca danos ao reticulo endoplasmatico, o que compromete diretamente a
producdo de proteinas. As lesdes na membrana plasmatica provocadas pelos radicais livres
Cls resultam em influxo de ions calcio para o interior das células hepéticas e conseqiiente
tumefagdo celular, o que pode levar o hepatocito a morte (Figura 3) (STARKEL;
LECLERCQ, 2011).
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Figura 3- Mecanismo de agédo do CCl, no figado.
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Fonte: Adaptado de Oliveira (2007).

Nota: A metabolizagdo do CCl, produz radicais livres, tais como o Cls, que induzem a peroxidacdo lipidica, o
que resulta em lesdo na membrana de hepatdcitos. Este dano tecidual estimula uma resposta de reparo, com
recrutamento de células inflamatérias e producdo de MEC, que se acumula no parénquima hepético mediante
estimulo continuo.

Legenda: CCl, - tetracloreto de carbono; Cls triclorometil; MEC-matriz extracelular

O CCls ¢ um agente téxico de acdo rapida, provocando alteracdes morfoldgicas
aparentes em 15 minutos. Uma unica dose de CCl, leva a uma necrose centrizonal aguda
reversivel. A fibrose hepatica desenvolve-se progressivamente, durante administracdes
repetitivas de CCl4, iniciando em areas pericentrais, seguido pela fibrose severa
(DOMENICALLI et al., 2009). O grau de lesdes pode variar dependendo da espécie, cepa,
dose, via e frequéncia de administracdo (LIU et al., 2012). Esse modelo tem sido usado em
estudos de mecanismos que regulam a reversibilidade da fibrose hepéatica (KHAN et al., 2015;
TROEGER et al., 2012).
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Para o estabelecimento de um modelo de lesdo hepatica, o CCl, tem sido administrado
isolado ou combinado a outras substancias hepatotoxicas, como o etanol por exemplo, e por
vias de administracdo distintas (oral, inalatoria, intraperitoneal, subcutanea)
(CONSTANDINOU; HENDERSON; IREDALE, 2005).

2.2.2 Modelo parasitario induzido pela esquistossomose mansonica

A esquistossomose mansonica é uma doenca parasitaria tropical e constitui um grande
problema de saude publica no Brasil (SOUZA et al., 2011). Trata-se de uma enfermidade
causada por parasitos da espécie Schistosoma mansoni, no qual a infeccdo ocorre pela
penetracdo percutanea de cercarias (LICHTENBERGOVA et al., 2008; MILAN; KEIM,
2007). Quando o parasito evolui para sua forma adulta, no sistema vascular do plexo venoso
mesentérico, passa a liberar grande quantidade de ovos, muitos dos quais passam para 0
intestino e sdo liberados nas fezes (MELO; COELHO, 2011). Contudo, 30% dos ovos ficam
presos nos sinusoides hepaticos e no intestino, causando morbidade e mortalidade associada a
esquistossomose (HAMS; AVIELLO; FALLON, 2013; WYNN et al., 2004).

Durante o curso da esquistossomose mansonica, duas fases patoldgicas sdo descritas: I)
A fase aguda, que ocorre entre a primeira e a quarta semana de infeccdo, pode apresentar
sintomatologia variada, desde febre, fadiga, mialgia e eosinofilia até perda de peso e diarréia
nos casos mais graves (GRYSEELS, 2012); Il) A fase cronica, considerada a condicdo
patoldgica mais relevante na esquistossomose mansonica e se reflete na resposta imunoldgica
do hospedeiro aos ovos de S. mansoni, com a formacdo do granuloma hepatico e da fibrose
hepatica periportal (GRYSEELS et al., 2006). Em virtude do continuo estimulo antigénico
dos ovos, células do sistema imunolégico (células mononucleares, eosinofilos e neutréfilos)
sdo recrutadas para os sitios de lesdo, levando a formacgdo de granulomas periovulares e
eventualmente fibrose crénica em alguns individuos infectados (CARVALHO; MARTINS-
FILHO; OLIVEIRA, 2008).

No granuloma maduro, proteinas da MEC e CEHs ativadas tornam-se elementos
predominantes, resultando na fibrose. Esta fibrose é mediada pela citocina IL-13, que esta
envolvida na transdiferenciacdo das CEHSs, responsaveis pela producdo de colageno e
fibrogénese nas areas de granuloma (DE WALICK; TIELENS; HELLEMOND, 2012). Além
disso, a deposicdo macica de fibras colagenas difusas nos espacos periportais (Fibrose de
Symmer’s ou pipestem) também caracteriza a fase cronica da esquistossomose

(LAMBERTUCCI; SILVA; VOIETA, 2005).
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O uso de modelos animais tem trazido grande contribuicdo ao conhecimento da
imunopatologia da esquistossomose mansonica, nas suas fases aguda e crénica (CHEEVER et
al., 2002), bem como ao desenvolvimento de estratégias terapéuticas mais eficazes. No estudo
da esquistossomose mansonica, 0s animais classicamente utilizados tém sido os camundongos
(HAMS; AVIELLO; FALLON, 2013). Essa espécie atende ao pré-requisito de um bom
modelo, por permitir a reproducédo da infeccdo de forma regular e caracteristica (MACHADO
E SILVA et al., 1991). No modelo murino, a esquistossomose mansonica de fase cronica é
estabelecida num curto espaco de tempo (cerca de dezesseis semanas), apresentando dois
quadros histopatologicos distintos: formacdo de granulomas isolados e fibrose periportal, uma
fibrose semelhante a fibrose de Symmers, que ocorre no homem (ANDRADE, 1987,
ANDRADE; CHEEVER, 1993).

Camundongos infectados com S. mansoni desenvolvem granulomas no figado
decorrente de uma resposta imunoldgica contra 0os ovos do parasita que sdo depositados no
trato portal (BARROS et al., 2014; BOROS, 1989). A patologia clinica em hospedeiros
murinos compreende hepato-esplenomegalia, fibrose hepatica e formacdo de ascite que se
assemelha ao quadro observado na esquistossomose humana (ABDUL-GHANI; HASSAN,
2010). A esquistossomose murina é geralmente usada para o estudo da imunopatologia da

esquistossomose humana e da fibrose hepética associada (WILSON et al., 2007).

2.3 Terapia Celular para as Doencas Hepaticas

Diante da diversidade de estimulos agressores ao figado, diversas alternativas que
possam ter atuacdo anti-fibrogénica estdo sendo avaliadas nos dltimos anos (MATA-
SANTOS et al., 2014). Tendo em vista a necessidade de novas estratégias terapéuticas mais
eficazes e menos invasivas, a medicina regenerativa, através da terapia celular, tem aberto
novas possibilidades para o tratamento de hepatopatias crénicas. A terapia celular pode ser
definida como a atividade que aplica os principios da engenharia e das ciéncias da salde para
a obtencgdo de populagdes celulares que mantenham, melhorem ou restaurem as fungdes de
orgaos e tecidos do corpo humano (CARVALHO et al., 2010).

Nesse sentido, a terapia celular consiste em um procedimento de intervengdo que
introduz células, com potencial terapéutico conhecido nos tecidos danificados, e que tem
ajudado no tratamento de muitas doencas (POURNASR et al., 2011). O transplante celular
pode se tornar uma alternativa minimamente invasiva com poucas complicagdes. Estudos

experimentais e clinicos tém comprovado a eficiéncia da terapia celular no tratamento de
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canceres (MIMEAULT; HAUKE; BATRA, 2007), diabetes mellitus, doengas neuro-
degenerativas, doencas cardiovasculares, e também tem apresentado resultados promissores
frente as enfermidades hepaticas (VOSOUGH et al., 2011).

Nas ultimas duas décadas, diversos estudos em terapia celular tm sido conduzidos.
Essas pesquisas ttm como objetivos identificar as populagdes celulares mais indicadas para
cada doenca, o0 modelo experimental mais apropriado, o numero de células a serem
transplantadas, a melhor via para a infusdo celular e o estado da doenca, aos quais sera
possivel obter beneficios para os pacientes hepatopatas (HOULIHAN; NEWSOME, 2008).
Na terapia celular, procura-se utilizar células com capacidade de auto-renovacdo, proliferacdo
e que contribuam para a recuperacdo do tecido danificado (MURACA, 2011). Diferentes
populacdes celulares tém sido investigadas nos ultimos anos.

Para que um tratamento seja considerado eficaz contra as les6es cronicas do figado, ele
deve proporcionar reducdo nos niveis de fibrose, reestabelecimento do parénquima hepético e
consequente recuperacdo da funcdo hepatica. Na busca por populacdes celulares que
apresentem potencial terapéutico frente as lesbes do figado, as células de medula 6ssea
(CMO) tem se mostrado bastante promissoras, sendo a fonte celular mais explorada dos
ultimos anos (BALDO et al., 2010; TERAI; SAKAIDA, 2011). Estas células sdo de facil
obtencdo e manipulacdo, além de apresentar baixo risco de rejeicdo, favorecendo, desta
forma, o seu uso no tratamento de doengas do figado (LODI; IANNITTI; PALMIERI, 2011).

A medula déssea é um Orgdo heterogéneo e tem sido considerada pela medicina
regenerativa uma rica fonte de células com potencial terapéutico (CHO et al., 2012). Ela é
composta por varios tipos de células, incluindo células progenitoras adultas, células-tronco
mesenguimais, células progenitoras endoteliais e células-tronco hematopoiéticas. Trabalhos
tém descrito a importante contribuicdo dessas populagdes celulares na regeneracdo hepaética,
através de processos de transdiferenciacdo, efeitos paracrinos e atividades anti-fibréticas
(ALISON; ISLAM; LIM, 2009; HOULIHAN; NEWSOME, 2008).

Estudos experimentais tém demonstrado os efeitos do transplante de CMO frente a
lesdo hepética crénica. Em ensaios in vitro, foi possivel observar que CMO podem se
diferenciar em celulas semelhantes a hepatdcitos, em termos funcionais, quando expostas ao
microambiente adequado (CHEN et al., 2007; SCHWARTZ et al., 2002). Esses estudos
também evidenciaram a presenca de marcadores especificos de hepatdcitos nas CMO
induzidas a diferenciagdo (POURNASR et al., 2011).

Em estudos in vivo foi possivel observar, em modelos murinos de lesdo hepética,

diversos efeitos benéficos do transplante de CMO. Essas pesquisas tém sugerido que as
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células transplantadas migram para as areas de lesdo e contribuem para o aumento dos niveis
de albumina sérica (ALI; MASOUD, 2012) e da sobrevida dos animais submetidos ao
transplante (BELARDINELLI et al., 2008; DE FREITAS SOUZA et al., 2012; SHIZHU et
al., 2012), além de induzir a formac&o de novos hepatdcitos no figado de camundongos com
lesdo hepética (SHIZHU et al., 2012). Esses novos hepatdcitos podem ter se originado de
alguma célula precursora medular (PAREKADDAN et al., 2007) ou a partir da diferenciacao
de células ovais, uma populacdo de células indiferenciadas presentes no figado e que estdo
envolvidas na regeneracdo hepatica (SAKAIDA, 2008).

Com base nos estudos experimentais, novas propostas foram feitas a respeito do papel
terapéutico das CMO nas hepatopatias cronicas. Um estudo desenvolvido por Oliveira et al.
(2012) indicou a contribuicdo das CMO transplantadas na reducdo nos niveis de fibrose
hepatica, em modelo murino de cirrose hepética induzida pelo CCls. A melhora hepética foi
associada a diminuicdo dos niveis de galectina-3 no tecido hepético, uma proteina diretamente
envolvida na inducdo da resposta pro-fibrogénica (OLIVEIRA et al., 2012).

A diminuicdo do tecido fibroso observada em animais com lesdo hepatica cronica
submetidos a terapia com CMO foi associada a um menor nimero de CEHs ativadas
observada pela reducéo da expressdo de a-SMA, sugerindo que a populacédo celular infundida
tenha participacdo na inducdo da apoptose ou da inativacdo das CEHs (TANIMOTO et al.,
2013). Em outras investigacdes, nos quais foram utilizadas CMO obtidas de camundongos
transgénicos GFP positivos cultivadas para expansdo, a diminuicdo na deposi¢do de colageno
foi relacionada ao aumento na expressdo de MMP-9 em camundongos cirr6ticos submetidos
ao transplante celular (IWAMOTO et al., 2013) e em camundongos BALB/c-Abch4 7/,
modelo transgénico de fibrose hepatica (RODERFELD et al., 2013).

Alteragdes nos niveis de diversos sinalizadores fibrogénicos também sdo observadas em
estudos de terapia com CMO em modelo experimental de lesdo hepética. Alguns resultados
demonstram que, a diminuicdo da fibrose esta associada a diminuicdo de TGF-1 em modelo
murino de esquistossomose (OLIVEIRA et al, 2008) e de lesdo hepatica cronica induzida por
CCl4 em ratos (SUN et al., 2011). Tanimoto et al. (2013) também observaram diminuicdo nos
niveis de TGF-R1 e do Fator de necrose tumoral — alfa (TNF-a), ap6s o transplante de CMO
humanas em camundongos cirraticos.

Estudos de fase clinica tém sido conduzidos, com resultados promissores. Salama e
colaboradores (2010) desenvolveram uma pesquisa, no qual 48 pacientes em estagio final de
lesdo hepatica cronica foram submetidos ao transplante autdlogo de células da medula 0ssea.

A terapia promoveu melhora da funcdo hepatica, com diminui¢do dos sinais clinicos
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(SALAMA et al., 2010). Em outra pesquisa, pacientes com cirrose hepéatica foram submetidos
ao transplante autélogo de CMO via artéria hepatica, e apresentaram aumento nos niveis de
albumina sérica e diminuicdo nos niveis de bilirrubina, o que indica melhora na fungédo do
figado, sem constatacdo de efeitos colaterais (LYRA et al., 2007). Pacientes diagnosticados
com cirrose alcodlica submetidos ao transplante celular com CMO tiveram niveis de
transaminases (ALT e AST) e de bilirrubina diminuidos, o que indica diminui¢cdo de lesdo
hepatica (PAI et al., 2008). A ativacao de células progenitoras do figado também foi relatada
em pacientes com cirrose submetidos ao transplante autélogo de CMO (KIM et al., 2010).
Esses resultados citados acima demonstram que as CMO sdo uma ferramenta
promissora no tratamento das hepatopatias. Porém os mecanismos envolvidos na melhora
hepatica apds o transplante celular ndo estdo totalmente esclarecidos. A utilizacdo de
populacbes celulares heterogéneas (medula 6ssea) dificulta a compreensdo dos fenémenos
pos-terapia (HOULIHAN; NEWSOME, 2008). A possibilidade de identificar uma populacdo
celular que esteja diretamente envolvida na melhora tecidual hepatica é fundamental para o

aprimoramento desta modalidade terapéutica.

2.4 Mondcitos/macrofagos na terapia celular

A terapia com CMO tem mostrado bons resultados frente as lesbes do figado. Os
beneficios pds-terapia podem estar relacionados a presenca de mondcitos na camada
mononuclear da medula 6ssea. Os mondcitos representam 5-10% dos leucdcitos do sangue
periférico e se originam a partir de precursores mieloides da medula dssea (TACKE, 2012).
Sédo definidos como células circulantes precursoras de macrofagos e de células dendriticas, e
estdo presentes no sangue, na medula dssea e no baco (JUNQUEIRA; CARNEIRO, 2008).

Os macréfagos, a forma madura dos mondcitos, tém papel fundamental na resposta
imune inata, e distribuem-se amplamente nos tecidos (osteoclastos — macréfagos do tecido
0sseo; células de Kupffer — macrofagos do figado; micrdglias - macréfagos do tecido nervoso)
(GORDON, 1995). A participacdo dos macréfagos em diversos processos bioldgicos e
patolégicos tem sido tema de estudo de muitos grupos de pesquisa nos ultimos anos. Essa
plasticidade funcional dos macrofagos é dirigida pelo microambiente imunoldgico, podendo
ser ativados por diferentes vias (MORI et al., 2009). Estudos intensivos com modelos
experimentais de lesdo hepéatica e com pacientes hepatopatas tém buscado elucidar e
estabelecer dicotomias que descrevem a complexa heterogeneidade de subconjuntos de
monocitos e macrofagos no figado (JU; TACKE 2016). Mondcitos e macrofagos podem ser
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distinguidos no figado com base em sua origem, diferenciacdo/polarizacao, pela expressao de
marcadores especificos e pelas suas func¢des durante condices fisioldgicas e patologicas (JU;
TACKE, 2016).

A heterogeneidade dos macrofagos é dirigida por uma grande diversidade de citocinas
liberadas, marcadores da superficie celular e perfis transcricionais (TACKE, 2012). Os
macrofagos ativados diferenciam-se em varios subtipos diferentes, que tém funcdes distintas
desde a inflamacéo e a fibrogénese até a resolucdo da fibrose (LICHTNEKERT et al., 2013).
Em resposta a varios sinais, os macr6fagos podem sofrer polarizacdo pela via classica M1 ou
via alternativa M2 (Figura 4). O fendtipo M1, também conhecido como macréfago pro-
inflamatdrio, € induzido por citocinas de perfil Thl, caracterizado pela elevada expressdo de
mediadores pré-inflamatorios (TNF-o, IL-1 B, IL-12 e IL-23) e alta producdo de espécies
reativas de oxigénio (ROs), com forte atividade microbicida e tumoricida; O fen6tipo M2 ou
imunorregulador estd envolvido no remodelamento tecidual, na resposta a infeccdes
parasitarias e alergias, através da secrecdo de fatores imuno-modulatérios (BRAGA,
AGUDELO; CAMARA, 2015; GORDON; MARTINEZ, 2010). InvestigacGes mais recentes
afirmam que os macrofagos também podem sofrer alteracdes em seus fenotipos, passando de
M1 para M2 e vice-versa (SICA; MANTOVANI, 2012).

Com base em estudos in vitro, investigacdes recentes tém classificado os macrofagos
M2 em trés subgrupos: M2a, ou macrofago pro-fibrético, induzido por IL4/IL-13; M2b, ou
angiogénico; M2c/M2reg, induzidos por IL-10, envolvidos na inativagdo de miofibroblastos e
na promoc¢do de efeitos anti-inflamatérios (DUFFIELD et al., 2013; LEE et al., 2014;
LICHTNEKERT et al., 2013). Esses subtipos de macrofagos estdo associados a regulacéo
imune, tolerancia e reparo tecidual (TRABER; ZOME, 2013).



Figura 4- Perfis de ativacdo dos mondcitos/macréfagos.
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Nota: Perfil de ativagdo classica (M1), envolvido na resposta inflamatéria, através da expressdo de TNF-a, IL-
1B, IL-12 e IL-23, e alta producdo de ROs; Perfil de ativagdo alternativa (M2), envolvido no reparo tecidual,
infeccOes parasitarias e alergias, através da secre¢do de TGF-p, VEGF, CCL1, MMPs e 1L-10.

Legenda: TNF-o- Fator de necrose tumoral-alfa; IL-1B-Interleucina-1beta; IL-12- interleucina-12; 1L-23-
interleucina-23; ROs- espécies reativas de oxigénio; TGF-B-fator de cerscimento e transformacdo-beta; VEGF-
fator de crescimento vascular endotelial; CCL1-quimiocina ligante-1; MMPs-metaloproteinases de matriz; IL-
10-interleucina-10.

Em relacdo as doencas do figado, subtipos funcionais de macrofagos também sao
designados, sendo classificados em: macrofagos inflamatorios, que promovem inflamacéo e
fibrose hepética, ativacdo via receptores Tool-like (TLR), com liberagdo de citocinas
inflamatorias (TNF, IL-1B), pro-fibrogénicas (TGF-B) e quimiocinas (MCP-1, CCL5); e
macrofagos restauradores, envolvidos na resolucdo da inflamagdo (citocinas anti-
inflamatorias) e da fibrose hepatica (MMP-9, MMP-12, MMP-13), com baixa expressao da
molécula de superficie antigeno de linfécito 6C (Ly6C), em camundongos (JU; TACKE,
2016; RAMACHANDRAN et al., 2012).

A compreensdo do diferentes fendtipos de macrofagos, bem como de suas respectivas
vias de ativacdo pode contribuir para o desenvolvimento de novas abordagens terapéuticas
para varias doencas, inclusive as enfermidades hepaticas (Figura 5). Alguns estudos
demonstram que populacbes de macrofagos podem desempenhar funcdo protetora,

participando ativamente do reparo hepatico (WYNN; BARRON, 2010). Outros trabalhos tém
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sugerido que subpopulagGes de macrdfagos hepéaticos assumem um papel anti-fibrotico em
modelo experimental de lesdo hepatica cronica, expressam varias MMPs (MMP-9, MMP-12 e
MMP-13) que estdo envolvidas na degradacdo da MEC, favorecendo assim a resolucdo da
fibrose hepatica (FALLOWFIELD et al., 2007; PELLICORO et al., 2012). Além disso, 0s
macrofagos podem participar na inducdo da apoptose das CEHs (RAMACHANDRAN;
IREDALE, 2012).

Figura 5- Participacio dos macréfagos na fibrogénese e na resolucdo da fibrose hepatica.
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Fonte: Adaptado de Ramachandran e Iredale (2012).

Nota: Subtipos de macréfagos podem desempenhar papel fibrogénico, participando da ativagdo das CEHSs, ou
assumindo papel anti-fibrético, pela expressao de varias MMPs.

Legenda: CCL2-quimiocina ligante-2; TNF-a- Fator de necrose tumoral-alfa; IL-1B-Interleucina-1beta; TGF-B-
fator de cerscimento e transformacdo-beta; PDGF-Fator de crescimento derivado de plaquetas; CEH-células
estreladas hepaticas; MMPs-metaloproteinase; MMPs-metaloproteinases de matriz; TIMP-1: inibidor tecidual de
metaloproteinase-1; MEC-matriz extracelular.

Algumas evidéncias tém reforcado o papel fundamental dos macréfagos na resolucéo da
fibrose hepatica. Em modelo murino de lesdo hepatica induzida pelo CCly, a deplecéo de
macrofagos durante as fases de recuperacdo leva ao impedimento da degradacédo de fibras
colagenas da MEC (DUFFIELD et al., 2005). O estudo conduzido por Yang e colaboradores
(2014) mostrou que macréfagos derivados de mondcitos circulantes sdo recrutados para o

figado durante a fase inflamatdria da lesdo e representam uma importante fonte de MMPs. Em
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modelo murino de fibrose hepética induzida por ligacdo do ducto biliar, foi observado que
durante a inflamacéo, os macréfagos atuam na fagocitose dos detritos celulares, removendo
assim potencias sinais pro-inflamatérios, o que altera consequentemente seu fenotipo, e dessa
forma induz o0 aumento a expressédo de MMPs e a degradacdo da MEC (POPOV et al., 2010).
Em modelo parasitario também foi possivel avaliar a importante atuacdo dos macréfagos na
resolucdo da fibrose hepética. Foi observado que macréfagos localizados na periferia dos
granulomas de figados de animais com esquistossomose apresentam propriedades resolutivas
em relacdo ao tecido fibroso, com participacdo efetiva no remodelamento da cicatriz
(CHUAH et al., 2013).

Diante do conhecimento da importante participacdo de subpopulacdes de macréfagos no
reparo tecidual, pode-se considerar que as células da linhagem mondcito/macrofago possam
ser fortes candidatas a terapia celular para as doengas do figado. Além disso, a possibilidade
de obtengdo deste tipo celular de uma fonte facilmente acessivel reforga sua possivel
utilizacdo para transplantes autélogos (ZHAO; GLESNE; HUBERMAN, 2003). Ensaios in
vitro demonstraram que monacitos cultivados em meio de cultura condicionado com fator de
crescimento hepético (HGF) originaram células funcionalmente semelhantes a hepatdcitos,
com capacidade bioquimica e metabdlica equivalentes as células hepéticas originais
(EHNERT et al., 2011; RUHNKE et al., 2005a; RUHNKE et al., 2005b; ZHAO; GLESNE;
HUBERMAN, 2003). Em outra pesquisa, mondcitos purificados de sangue periférico de
pacientes portadores do virus da hepatite B e diagnosticados com insuficiéncia hepatica foram
mantidos em cultura associados a fatores especificos. Nesse experimento, foi possivel
observar a habilidade de diferenciacdo dessas células em hepatocitos funcionalmente ativos
(YAN et al., 2007).

Um estudo experimental realizado por Thomas e colaboradores (2011) demonstrou que,
camundongos com lesdo hepatica crbnica induzida pelo CCl, submetidos ao transplante de
macrofagos obtidos através de cultura condicionada de mondcitos apresentaram nitida
melhora nos aspectos morfoldgicos, com diminuicdo nos niveis de fibrose, aumento da
regeneracdo hepética e da apoptose das CEHs. No entanto, algumas questdes do estudo
permanecem inconclusivas, como por exemplo, qual fendtipo de macréfagos é mais
predominante na melhora hepaética.

Os estudos em terapia com mondcitos/macréfagos vém se destacando frente a diversas
doencas cronico-inflamatorias, o que leva a necessidade de novas abordagens sobre o real
potencial terapéutico dessa populacdo celular, principalmente para o tratamento de

enfermidades para as quais as opg¢des terapéuticas existentes sdo limitados e/ou ineficazes.
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3 JUSTIFICATIVA

As doencas crénicas do figado sdo responsaveis por um consideravel numero de
atendimentos e internagdes hospitalares com indice crescente de risco de morte pelos
pacientes. Os tratamentos existentes sdo limitados e diferenciados, a depender da causa da
doenca e/ou persisténcia do estimulo. Quando as terapias vigentes ndo sdo eficientes, 0s
pacientes podem evoluir para a insuficiéncia hepatica, sendo o transplante hepatico o
tratamento mais indicado. A baixa disponibilidade de doadores de 6rgdos, o uso de drogas
imunossupressoras e existéncia de co-morbidades podem contra indicar o transplante
justificando a importancia de novas estratégias terapéuticas que melhorem a funcéo hepatica
dos pacientes.

Um possivel caminho é a utilizacdo da terapia celular através da medicina regenerativa.
Dentro deste contexto, nosso grupo vem realizando estudos com células obtidas da medula
0ssea, demonstrando, através de ensaios pre-clinicos, uma melhora tecidual e dos parametros
bioquimicos nos animais, ap6s terapia celular. Tais achados incentivaram a conducdo de
estudos clinicos com pacientes hepatopatas, Os resultados obtidos foram satisfatdrios, no qual
0 procedimento de infusdo de células-tronco mononucleares de medula 6ssea mostrou-se
seguro e exequivel, sendo possivel avaliar também melhora das fungbes hepaticas desses
pacientes ap0s terapia.

Novos estudos, capazes de identificar quais populacBes dentre as células presentes na
camada mononuclear da medula 6ssea estdo diretamente envolvidas na regeneracdo hepatica,
se fazem necessarios. Pretendeu-se nesse trabalho avaliar os macréfagos, devido ao potencial
de diferenciacdo dessas células e sua capacidade de sintetizar e secretar mediadores quimicos
capazes de contribuir para melhora morfofisioldgica do tecido hepéatico. Os macr6fagos
constituem uma populacdo de células bastante heterogénea que podem ser classificadas em
diferentes fenotipos que se relacionam antagonicamente com diversos processos patologicos.
Desta forma, buscamos avancos tecnoldgicos que melhorem a qualidade de vida dos pacientes

com hepatopatias agudas ou cronicas.



36

4 HIPOTESE

Os monocitos da medula déssea assumem um perfil anti-fibrogénico e apresentam
potencial terapéutico frente as lesdes cronicas do figado, contribuindo para a diminui¢do nos
niveis de fibrose hepética.
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5 OBJETIVOS

5.1 Objetivo Geral

Avaliar o potencial terapéutico de mondcitos obtidos de medula dssea e as vias de

ativacdo dos macrdfagos no reparo hepatico em modelos murinos de hepatopatias crénicas.

5.2 Objetivos Especificos

a) Avaliar os efeitos do transplante de mondcitos sobre a fibrose em modelos
experimentais de lesdo hepatica crénica;

b) Awvaliar as células estreladas ativadas no tecido hepatico dos animais com lesdo
cronica de figado ap0s terapia;

c) Avaliar vias de imuno-modulacdo do reparo hepatico apds terapia com mondcitos de
medula dssea;

d) Quantificar reguladores das vias fibrogénicas e das vias de ativacdo de macrofagos
apos o transplante de células monociticas;

e) Avaliar os niveis de expressdo de marcadores da fibrogénese e de perfis de

macrofagos no figado dos animais submetidos a terapia.
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6 MATERIAIS E METODOS

6.1 Animais

Cento e vinte Camundongos isogénicos C57BL/6, de ambos 0s sexos, pesando entre 20
e 23g, foram obtidos do Centro de Criacdo de Animais de Laboratorio (CECAL- Fundagéo
Oswaldo Cruz, Rio de Janeiro, Brasil). Os animais foram mantidos no Biotério Experimental
do IAM/FIOCRUZ-Recife, e o protocolo de experimentacdo animal foi desenhado pra
minimizar o desconforto aos animais, que foram mantidos em condicOes ideais de temperatura

(£ 23°C) e luminosidade (ciclos de 12h claro/escuro), recebendo agua e dieta ad libitum.

6.2 Inducéo de lesdo hepatica cronica por intoxicacao pelo CCl,

O modelo experimental de lesdo hepatica cronica foi induzido em camundongos
C57BL/6 isogénicos pela administracdo, por via orogastrica, de CCl, a 20%, diluido em azeite
de oliva, duas vezes por semana (OLIVEIRA et al., 2012). Os animais receberam ainda etanol
(EtOH 5%) diluido na &gua de beber ad libitum. O estimulo foi mantido por um periodo de

seis meses.

6.3 Infeccéo pelo Schistosoma mansoni

A infeccéo foi realizada em camundongos C57BL/6 isogénicos, por via percutanea, com
cerca de 40 cercéarias de S. mansoni obtidas da cepa LE (Belo Horizonte). Apos 45 dias, foi
realizado o exame parasitoldgico das fezes para confirmacgdo da infeccdo. Um periodo de 16
semanas foi necessario para o estabelecimento da fase cronica infeccdo esquistossomética. Os
animais infectados foram entdo submetidos ao tratamento quimioterapico com Praziquantel

(dose Unica, via oral — 400mg/Kg), para a eliminacdo dos vermes adultos.

6.4 Isolamento de monacitos de medula éssea

A medula 6ssea foi obtida de fémures e tibias de camundongos doadores (n=50), da
linhagem C57BL/6, e a fragdo enriquecida com células mononucleares de medula 6ssea
(CMMO) foi obtida por centrifugacdo em gradiente de Ficoll (Histopaque 1119 e 1077,
Sigma Aldrich, St Louis, MO, USA), a 1000xg, por 15 minutos, a 25°C. Uma parte da



39

suspensdo de CMMO foi utilizada para o isolamento de mondcitos através de um sistema de
separagd0 imunomagnética. Para isso, as CMMO (aproximadamente 10’ células/mL) foram
incubadas com anticorpos anti-CD11b conjugados a microesferas magnéticas (MACS units,
Milteny Biotec™) durante 15 minutos. Em seguida, as células foram lavadas e passadas por
uma coluna magnética (MACS, Milteny Biotec™), onde os monécitos CD11b" foram retidos
e entdo recuperados em tampédo (PBS/BSA 0,5% + 2 EDTA mM, pH = 7,2). Por fim, os
mondcitos CD11b" foram lavados e ressuspendidos em salina estéril 0,9%, e posteriormente

infundidos nos animais.

6.5 Caracterizacdo da populacdo de mondcitos por citometria de fluxo

As CMMO e os mondcitos obtidos por separacdo imunomagnética foram incubados
com 0s seguintes anticorpos: anti-CD11b (PE rat anti-mouse CD11b, M1/70 clone, BD
Pharmingen™), anti-CD14 (FITC rat anti-mouse CD14, rmC5-3 clone, BD Pharmingen™),
anti-CD45 (APC rat anti-mouse CD45, 30-F11 clone, BD Pharmingen™), anti- CD34 (PE rat
anti-mouse CD34, RAM34 clone, BD Pharmingen™), anti-Ly6A (FITC rat anti-mouse Ly-
6A/E, D7 clone, BD Pharmingen™). Apds 30 minutos de incubacdo, as células foram lavadas
com 2 mL PBS wash (PBS BSA 0,5% azida sodica 0,1%, pH 7,2), centrifugadas a 400xg por
5 minutos e entdo ressuspendidas em 300ul de PBS wash. As amostras foram entdo
caracterizadas fenotipicamente por citometria de fluxo, (FACS Calibur, BD Biosciences, San
Jose, CA). O minimo de 10.000 eventos/amostra foi coletado

6.6 Grupos experimentais
Ap0s o estabelecimento dos modelos de lesdo hepatica (toxico e parasitario), os animais

foram randomicamente distribuidos nos seguintes grupos (figura 6):

a) Modelo téxico (CCl,): Animais sem tratamento, que receberam salina estéril (veiculo -

VCL); animais tratados com CMMO; e animais tratados com mondcitos CD11b* CD14"
(MON);

b) Modelo parasitario (esquistossomos mansonica): Animais sem tratamento, que receberam

salina estéril (Veiculo -VCL); animais tratados com CMMO; animais tratados com mondcitos
CD11b" CD14" (MON).

Um grupo de animais sadios também foi formado no desenho experimental (grupo
controle - CTL).
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Figura 6- Fluxograma do desenho experimental.
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Fonte: autora
Nota: Camundongos C57BL/6 foram utilizados para o estabelecimento dos modelos tdxico e parasitario de leséo

hepética cronica. Esses animais foram distribuidos randomicamente em grupos experimentais, submetidos
aadiferentes modaliddes de terapia celular: Veiculo, CMMO e mondcitos. Em modelo toxico, a avaliagdo foi
realizada dois meses apds o transplante celular. No modelo parasitario, os efeitos pos-terapia foram obsevados
sete dias e dois meses apds a infusdo celular. Um grupo controle com animais saudaveis foi mantido durante

todo o experimento.
Legenda: CCl,-tetracloreto de carbono; EtOH-etanol; VCL-veiculo; CMMO-células mononucleares de medula

ossea; MON-mondcitos.

6.7 Infusdo dos mondcitos nos animais com lesao hepética crénica

Os grupos experimentais foram tratados com CMMO e mondcitos CD11b* CD14" por
via endovenosa (10° células/animal, diluidas em 200 pL de salina estéril). Os animais
receberam tratamento uma vez por semana, durante trés semanas consecutivas. Os grupos de
animais com lesdo hepatica cronica induzida pelo CCl, foram submetidos a eutanasia dois
meses ap6s a terapia. Os camundongos submetidos a infeccdo esquistossomotica cronica

foram eutanasiados sete dias e dois meses apés a terapia. Durante a eutanasia, o figado foi

coletado.

6.8 Analise morfoldgica e morfometria
Fragmentos de figados dos animais tratados e ndo tratados foram fixados em formol

10% por 24 horas, embebidos em parafina, seccionados (5 pm) e corados pelo Sirius-
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vermelho e Fast green para estudo do colageno (JUNQUEIRA; CARNEIRO, 2008). As
imagens de seccdes histoldgicas coradas em Sirius Vermelho foram obtidas em microscopio
optico (DM LB 2, Leica Microsystems) equipado com uma camera digital LEICA JVC TK
(modelo C 1380, Pine Brook, NJ, EUA) e analisadas utilizando o sistema de processamento e
andlise de imagens LEICA QWIN, versao 2.6 MC (Leica, Cambridge, England). Dez campos
microscopicos (aumento 100X) contendo areas de tecido fibroso foram selecionadas para
quantificacdo. A partir das sec¢des histologicas coradas em Sirius-vermelho foram calculados
alguns parametros de avaliagdo dos granulomas hepéticos: densidade numérica (nimero de
granulomas/unidade de volume) e volume dos granulomas. As analises foram feitas em

microscopio optico (DM LB 2, Leica Microsystems).

6.9 Dosagem de hidroxiprolina

Amostras de figado, obtidas do lobo maior, pesando entre 100 e 200 mg, foram usadas
para determinacdo de hidroxiprolina constituinte do colageno. As amostras foram processadas
e analisadas segundo a metodologia de Bergman e Loxley (1963), lidas em espectrofotdmetro
automatico (Pharmacia, modelo Ultrospec 3000), em densidade Optica de 558 nm, para a

obtencdo dos valores de hidroxiprolina de cada amostra (nmol).

6.10 Ensaios imunoldgicos

Fragmentos hepaticos congelados em nitrogénio liquido imediatamente apds a coleta
(~50mg) foram homogeneizados em um tampéao de lise (Tris-HCI 50 mM, NaCl 300 mM,
EDTA 5 mM, Triton X-100 1%, Azida sodica 0,02%, pH 7,2) contendo um coquetel de
inibidores de protease (Roche, Mannheim, Germany). Os lisados foram centrifugados a
16000xg a 4°C por 15 minutos, e entdo os sobrenadantes foram usados para quantificar,
através do ELISA sanduiche, os niveis de TNF-a, IL-1p, IL-6 (BD OptEIA set mouse, San
Diego, CA, USA), IL-13, IL-17, IL-23, MMP-9, TIMP-1 (R&D Systems, Minneapolis, MN,
USA), TGF-B1 e IL-10 (e-Bioscience, San Diego, CA, USA). As amostras foram lidas em um
comprimento de onda de 450 nm através de um leitor de microplacas (modelo 3550, Thermo

Scientific).

6.11 Avaliagéo do estresse oxidativo
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Para avaliar o estresse oxidativo, o conteudo de glutationa (GSH) foi quantificado a
partir de fragmentos de figado de camundongos utilizados no estudo (RAHMAN; KODE;
BISWAS, 2006). As amostras de tecido hepatico foram pesadas, maceradas em solucdo de
acido metafosforico 5% e centrifugadas a 12000xg, a 4°C, por 10 minutos. GSH foi detectada
utilizando o Glutathione Assay Kit (Sigma Aldrich, St Louis, MO, EUA), e mensurada em um

leitor de microplacas (BioRad - 415 nm).

6.12 RT-qPCR

A extracdo do RNA total de fragmentos hepaticos foi feita por Trizol (Invitrogen). A
concentracdo de RNA total foi quantificada utilizando o espectrofotémetro NanoDrop D-
1000, e 5 pg de RNA foi usado para a sintese de cDNA utilizando o GoScript Transcription
System (Promega). A PCR quantitativa em tempo real (QPCR) foi feita no ABI Prism 7500
(Applied Biosystems) usando SYBR® Green PCR Master Mix (Applied Biosystems). A
sequéncia dos pares de primes para 0s genes CCL5, arginase-1 (arg-1), proteina 3 semelhante
a chitinase-3 (YM-1), receptor de manose 1 tipo-C (CD206), a-SMA, TGF-B1, Gal-3 e
molécula alfa 1 semelhante a resistina (Fizz1) foram desenhados com o auxilio da base de
dados NCBI. O desenho dos pares de primers usados para a amplificacdo dos genes IL-12f3
(MANUELPILLALI et al., 2012) e CCR2/Ly6C (RAMACHANDRAN et al., 2012) foram
obtidos de literatura. A amplificagdo de B-actina foi usada como controle enddgeno. A
expresséo relativa foi calculada utilizando como referéncia os valores de CT das amostras de
animais sadios e ndo tratados, através do método AACT. A sequéncia dos primers utilizados

esta listada no quadro 1.

Quadro 1 - Primers utilizados para a RT-qPCR.

Forward 5’ -...c..... 3’ Reverse 5% > 3’
CCL5 CCAGAGAAGAAGTGGGTTCAAG AGCAATGACAGGGAAGCTATAC
IL-128 GTAACCAGAAAGGTGCGTTCC GAACACATGCCCACTTGCTG
Arg-1 CCAGGGACTGACTACCTTAAAC GAAGGCGTTTGCTTAGTTCTG
YM-1 ACCATGGCCAAGCTCATT GTCCTTAGCCCAACTGGTATAG
CD206 GTTCACCTGGAGTGATGGTTCTC GACATGCCAGGGTCACCTTT
Fizz1 ACTTGCAACTGCCTGTGCTTAC TCAAAGCTGGGTTCTCCACCTC
CCR2 CAAATCAAAGGAAATGGAAGACAAT GCCCCTTCATCAAGCTCTTG
a-SMA TCAGGGAGTAATGGTTGGAATG GGTGATGATGCCGTGTTCTA
TGF-B1 GGTGGTATACTGAGACACCTTG CCCAAGGAAAGGTAGGTGATAG
Gal-3 CTGAGAGATACCCATCGCTTTG GTAGCTCAGTGAGAGAACACTT
B-actina CCGTAAAGACCTCTATGCCAAC AGGAGCCAGAGCAGTAATCT

Fonte: Autora
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6.13 Imunomarcagéo

A imuno-histoquimica foi conduzida para avaliar as CEHs a-SMA™ e OPN. Seccdes
hepaticas (5 um) foram inicialmente desparafinizadas com xilol; desidratatadas em crescentes
concentragdes de etanol. Para a-SMA, as sec¢Oes foram incubadas com anticorpo biotinilado
anti-a-SMA (Santa Cruz Biotechnology, Santa Cruz, California, EUA), overnight. Em
seguida foi adicionado o conjugado estreptavidina-peroxidase por 10 minutos. Para marcacéo
da OPN, as amostras foram incubadas com o anticorpo primario anti-OPN (AF808, R&D
Systems, Minneapolis, MN, USA), como previamente descrito (PEREIRA et al., 2015). O
anticorpo secundario foi ligado a um polimero sintético conjugado com peroxidase (HRP,
horseradish peroxidase). O substrato 3,3'diaminobenzidina (DAB) foi usado para revelar a
marcagdo. As secgdes foram contra-coradas com hematoxilina de Harris. A imunomarcagéo
foi mensurada em dez campos por seccdo (aumento 200X), utilizando um Sistema de
Processamento de Analise de Imagem LEICA QWIN, version 2.6 MC (Leica Cambridge,
Cambridge — Inglaterra).

6.14 Andlise estatistica

Os dados foram expressos em valores medios (média £ EP). Inicialmente os dados
quantitativos foram submetidos a um teste de normalidade (Shapiro-Wilk), e baseados no
valor de P, os dados foram submetidos a um teste paramétrico (ANOVA), ou ndo-paramétrico
(Kruskal-Wallis, com pds-hoc de Dunn). As analises estatisticas foram realizadas utilizando o
programa Graphpad Prism (versdo 5.0, San Diego, CA, USA). O valor de P < 0.05 foi
considerado estatisticamente significativo.
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7 CONSIDERACOES ETICAS

Os procedimentos experimentais realizados no presente estudo estdo de acordo com 0s
padrdes éticos da Fundacio Oswaldo Cruz e foram aprovados pela Comisséo de Etica para o
Uso dos Animais (CEUA - CPgAM 15/2011 — ANEXOS A e B).



8 RESULTADOS

8.1 Caracterizacao celular
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As CMMO foram caracterizadas como: 58.3% CD11b"; 47.46% CD14"; 79.4% CD45";
3.6% CD34" e 13.55% Ly6A". A populacio celular obtida por separacio Imunomagnética
apresentou a seguinte distribuicio fenotipica: 99.12% CD11b"; 97.99% CD14"; 98.3%
CD45%; 1.36% CD34" e 1.81% Ly6A", demonstrando uma enriquecida populacdo homogénea

de mondcitos na nossa preparacdo celular. A figura 7 mostra histogramas FACS

representativos de CMMO e de mondcitos CD11b" isolados por separa¢io imunomagnética.

Figura 7- Histogramas FACS representativos de CMMO e mondcitos CD11b" isolados por separagio
imunomagneética.
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Legenda: CMMO-células mononucleares de medula éssea
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8.2 Modelo tdxico de lesdo hepatica crbnica

8.2.1 Avaliacéao da fibrose hepética

A analise morfométrica demonstrou que, dois meses ap6s o transplante celular, houve
reducdo significativa das areas de fibrose hepatica (Figuras 8A-8E) em animais tratados com
mondcitos CD11b" CD14" comparados aos animais tratados com salina. Essa diminuicio
também foi observada no grupo de animais tratados com CMMO. Uma significativa reducao
no conteudo de hidroxiprolina foi encontrada no grupo submetido a terapia com mondcitos
(Figura 8F).

Figura 8- Avaliacdo da fibrose hepética apos terapia celular, em modelo toxico de lesdo hepatica cronica.
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Fonte: Autora

Nota: (A-D) Fotomicrografias de secces histoldgicas de figado coradas com picro-sirius, de animais do grupo
(A) CTL, e dois meses apds a administracdo de (B) VCL, (C) CMMO e (D) mondcitos (100X). (E) Analise
morfométrica do colageo hepatico. (F) Concentragdo de hidroxiprolina em fragmentos hepaticos de animais
submetidos ao transplante de mondcitos (a =P < 0.05; b =P < 0.01, ¢ = P < 0.001; n = 5 animais/grupo).
Legenda: CTL-controle; VCL-veiculo; CMMO-células mononucleares de medula 6ssea; MON-mondcitos.
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8.2.2 Imuno-histoquimica

Como demonstrado na figura 9, o percentual de células positivas para a-SMA no
parénquima hepatico foi reduzido nos camundongos que receberam mondcitos CD11b”
CD14", bem como no grupo tratado com CMMO, comparados ao grupo de animais tratados

com salina.

Figura 9- Imuno-histoquimica para a detecgdo de CEHs a-SMA".
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Fonte: Autora

Nota: SeccOes histolégicas de animais (A) do grupo CTL, tratados com (B) veiculo, (C) CMMO e (D)
monacitos (200x). (E) Mensuragdo de CEHs a-SMA" (a =P < 0.05; b = P < 0.01; n = 5 animais/grupo).
Legenda: CTL-controle; VCL-veiculo; CMMO-células mononucleares de medula dssea; MON-monocitos;
CEH-célula estrelada hepética; a-SMA": alfa-actina de musculo liso.
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No presente estudo foi possivel observar reducdo na marcacdo para OPN ap0s terapia
com mondcitos CD11b* CD14" (Figural0).

Figura 10- Imuno-histoquimica para a detecgao de osteopontina.
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Fonte: Autora

Nota: Seccgdes histologicas de figado de (A) animais saudaveis, tratados com (B) veiculo, (C) CMMO e (D)
monocitos (200x). (E) Quantificacdo da imunomarcagdo para OPN hepético (a = P < 0.05; n = 5 animais/grupo).
Legenda: CTL-controle; VCL-veiculo; CMMO-células mononucleares de medula 6ssea; MON-mondcitos;
OPN-osteopontina.

8.2.3 Avaliacéo do perfil de citocinas

Para investigar os mecanismos envolvidos na melhora da fibrose hepética apés a terapia
com monocitos CD11b* CD14", os niveis de mediadores inflamatérios e pro-fibrogénicos

foram quantificados. As concentragfes de TNF-a (Figura 11A), IL-1 (Figura 11B), IL-6
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(Figura 11C) e IL-13 (Figura 11D) em lisados hepaticos foram significativamente reduzidas
no grupo de animais tratados com monocitos também apresentaram-se em niveis
significativamente menores em animais tratados com mondcitos CD11b* CD14", comparados

aos camundongos tratados com salina.

Figura 11- Efeitos da terapia com mondcitos de medula dssea no perfil hepatico de citocinas pro-
inflamatorias.
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Fonte: Autora

Nota: Niveis hepéticos de (A) TNF-a, (B) IL-1B, (C) IL-6 e (D) IL-13, mensuradas por ELISA sanduiche, em
camundongos com lesdo hepatica crénica induzida por CCly. (a =P < 0.05; b =P <0.01; n = 5 animais/grupo).
Legenda: CTL-controle; VCL-veiculo, CMMO-células mononucleares de medula dssea; MON-mondcitos;
TNF-o- fator de necrose tumoral-alfa; IL-1B-interleucina-1beta; IL-6-interleucina-6; IL-13- interleucina-13.

O mediador pro-fibrogénico TGF-B1  também se apresentou em niveis
significativamente menores em animais tratados com mondcitos CD11b" CD14", comparados
aos camundongos tratados com salina (Figura 12A). A terapia com mondcitos CD11b* CD14"
tambem promoveu diminuicdo significativa nos niveis de 1L-17 (Figura 12B) e uma tendéncia
a reducao nos niveis hepaticos de IL-23, em relacdo ao grupo tratado com salina (Figura 12C).

Os animais tratados com mondcitos CD11b"™ CD14" também demonstraram aumento
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significativo nos niveis de IL-10, em comparacdo com 0s animais tratados com salina (Figura
12D).

Figura 12 - Efeitos da terapia com mondcitos em camundongos com lesdo hepatica cronica nos niveis
hepaticos de mediadores da fibrose hepatica.
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Fonte: Autora

Nota: Niveis hepéticos de (A) TGF-p1, (B) IL-17, (C) IL-23 e (D) IL-10 @ =P <0.05;b =P <0.01;n=5
animais/grupo).

Legenda: CTL-controle; VCL-veiculo; CMMO-células mononucleares de medula 6ssea; MON-mondcitos;
TGF-p1-fator de crescimento e dtransformacdo-beta; IL-17-Interleucina-17; IL-23-interleucina-23; IL-10-
interleucina-10.

8.2.4 Avaliacéo de reguladores da fibrogénese hepatica

Os niveis de MMP-9 e TIMP-1, dois importantes fatores associados a fibrogénese
hepatica, foram avaliados. Um aumento significativo na concentracdo de MMP-9 foi
observado nos lisados hepaticos de animais tratados com mondécitos CD11b* CD14" e com
CMMO (Figura 13A). Os niveis hepaticos de TIMP-1 foram significativamente reduzidos no
grupo tratado com monécitos CD11b* CD14" (Figura 13B).
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8.2.5 Avaliacao do Estresse Oxidativo

Para avaliar a influéncia da terapia com mondécitos CD11b* CD14" no estresse oxidativo
envolvido na patogénese do modelo toxico de lesdo hepatica cronica, os niveis de GSH foram
determinados. Os animais com fibrose hepética tratados com mondcitos tiveram niveis

significativamente maiores desta molécula antioxidante quando comparados aos animais

tratados com salina (Figura 13C).

Figura 13- Efeitos da terapia com mondcitos de medula éssea nos niveis hepaticos de reguladores da
fibrose hepatica e do estresse oxidativo.

A B
a
10000+ b 100-
—. 80004 a 80 T
E =
g 6000- 2 604
o -
- J 2 404
§ 4000 - g 40
2000- = 20 |;|
D G T L

C"i"L \"'CL CMMO MON CTL VCL CMMO MON

@

500+

4004

3004

2004

[GSH)/g figado

1004

T T
CTL VCL CMMO MON

Fonte: Autora
Nota: niveis hepaticos de (A) MMP-9, (B) TIMP-1 e (C) GSH, em camundongos com lesdo hepatica cronica

induzida por CCl,; (a =P < 0.05; b =P < 0.01; n = 5 animais/grupo).
Legenda: CTL-controle; VCL-veiculo; CMMO-células mononucleares de medula dssea; MON-monocitos;
MMP-9-metaloproteinase-9; TIMP-1-inibidores teciduais de metaloproteinase-1; GSH-glutationa.
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8.3 Modelo parasitario de lesdo hepética crénica
8.3.1 Avaliacéo da fibrose hepética

Em modelo murino de esquitossomose, a quantificacdo dos niveis de fibrose hepatica
através da analise morfometrica demonstrou que, sete dias apos a terapia celular, ndo houve
diferenca no percentual de tecido fibroso entre os grupos experimentais (Figura 14A). Porém,
dois meses ap0s terapia, 0 grupo tratado com mondcitos CD11b" CD14" apresentou niveis
diminuidos de fibrose hepéatica em comparacdo aos animais ndo tratados (Figuras 14A-14E).
A quantificacdo bioguimica de hidroxiprolina em tecido hepatico mostrou diferencas
significativas entre os grupos tratados com mondcitos e o grupo veiculo, nos dois tempos

avaliados (Figura 14F).

Figura 14- Avaliacao da fibrose hepatica apos terapia celular, em modelo parasitario de lesdo hepatica

crénica.
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Fonte: Autora

Nota: (A-D) Fotomicrografias de secgdes histoldgicas de figado, coradas com picro-sirius, em animais dos
grupos (A) CTL, (B) VCL, (C) CMMO e (D) mondcitos (100X), dois meses apds o transplante celular. (E)
Quantificacdo de tecido fibroso por morfometria em modelo parasitario de lesdo hepética cronica, sete dias e
dois meses pds-terapia. (F) Quantificacdo dos niveis de hidroxiprolina em modelo parasitario de lesdo hepatica
cronica, sete dias e dois meses pos-terapia. Analise estatistica pelo teste de Kruskal-Wallis, com pds-hoc de
Dunn (a=P <0.05; b =P <0.01; n = 5 animais/grupo).

Legenda: CTL-controle; VCL-veiculo; CMMO-células mononucleares de medula 6ssea; MON-mondcitos.
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No presente estudo, a mensuracdo da densidade numérica dos granulomas do tecido
hepatico ndo apresentou diferencas significativas entre os grupos avaliados (Figura 15A). No
entanto, a morfometria do volume dos granulomas demonstrou reducéo significativa sete dias

e dois meses apos o transplante de mondcitos CD11b™ CD14" (Figura 15B).

Figura 15- Avaliacdo dos granulomas hepaticos apos terapia celular.
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Fonte: autora

Nota: (A) Mensuracdo da densidade numérica de granulomas hepaticos por morfometria em modelo parasitéario
de lesdo hepética cronica, sete dias e dois meses pos-terapia celular. (B) Mensuracéo do volume dos granulomas
hepéaticos em modelo parasitario de lesdo hepatica cronica, sete dias e dois meses pos-terapia celular. Analise
estatistica pelo teste de Kruskal-Wallis, com p6s-hoc de Dunn (a =P < 0.05; b =P < 0.01; n = 5 animais/grupo).
Legenda: CTL-controle; VCL-veiculo; CMMO-células mononucleares de medula 6ssea; MON-mondcitos.

8.3.2 Analises imunoldgicas

A quantificacdo de mediadores inflamatdrios em modelo cronico de esquistossomose
mostrou que as concentracdes da citocina TNF-a foram significativamente diminuidas, dois
meses apos terapia celular (Figura 16A). Os niveis hepaticos de IL-1f e IL-6 foram
significativamente reduzidas no grupo de animais tratados com mondcitos CD11b* CD14",
bem como em animais submetidos ao transplante de CMMO, nos dois tempos avaliados
(Figuras 16B e 16C).
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Figura 16- Efeitos da terapia celular no perfil hepatico das citocinas pré-inflamatérias.
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Fonte: autora

Nota: Niveis hepéticos de (A) TNF-a, (B) IL-1B e (C) IL-6, em modelo cronico de esquistossomose,
mensurados por ELISA sanduiche. Analise estatistica pelo teste de Kruskal-Wallis, com pés-hoc de Dunn (a = P
<0.05;b=P <0.01; c =P <0.001; n =5 animais/grupo).

Legenda: CTL-controle; VCL-veiculo; CMMO-células mononucleares de medula dssea; MON-mondcitos;
TNF-a- fator de necrose tumoral-alfa; IL-1B-interleucina-1beta; IL-6-interleucina-6.

Em modelo crénico de esquistossomose também foram observadas alteraces nos niveis
hepéticos de mediadores pro-fibrogénicos, apds terapia celular com mondcitos CD11b*
CD14". Uma reducdo significativa nos niveis de TGF-B1 foi observada nos dois tempos
avaliados (Figura 17A), enquanto que a reducdo dos niveis hepaticos de IL-13 ocorreu

somente nos animais avaliados sete dias apos a terapia celular (Figura 17B).

O estudo também demonstrou reducéo significativa dos niveis hepaticos da citocina IL-
17, somente sete dias apds a infusdo dos mondcitos CD11b* CD14" (figura 17C), e da

citocina IL-23, nos dois tempos estudados (figura 17D).
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Figura 17- Efeitos da terapia celular no perfil hepatico dos mediadores da fibrogénese hepética.
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Fonte: Autora
Nota: Niveis hepéticos de (A) TGF-p1, (B) IL-13, (C) IL-17 e (D) IL-23, em modelo cronico de
esquistossomose, mensurados por ELISA sanduiche. Anélise estatistica pelo teste de Kruskal-Wallis, com p6s-

hoc de Dunn (a =P < 0.05; b=P < 0.01; n = 5 animais/grupo).
Legenda: CTL-controle; VCL-veiculo, CMMO-células mononucleares de medula dssea; MON-mondcitos;
TGF-p1-fator de crescimento e dtransformacdo-beta; IL-13-interleucina-13; IL-17-Interleucina-17; IL-23-

interleucina-23.

Nossos resultados demonstraram um aumento significativo nos niveis de MMP-9 ap6s o
transplante celular (Figura 18A). Consistente com esses resultados, uma reducéo significativa
na concentracdo de TIMP-1 hepético também foi observada (Figura 18B). Os animais tratados
com mondcitos CD11b* CD14" também apresentaram aumento significativo nos niveis de IL-

10, em comparagdo com o0s animais tratados com salina, dois meses apds a terapia (Figura

18C).
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Figura 18- Efeitos da terapia celular no perfil hepatico de fatores reguladores da fibrose hepatica.
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Fonte: Autora

Nota: Niveis hepaticos de (A) MMP-9, (B) TIMP-1 e (C) IL-10, em modelo cronico de esquistossomose,
mensurados por ELISA sanduiche. Analise estatistica pelo teste de Kruskal-Wallis, com pés-hoc de Dunn (a = P
<0.05; b =P <0.01; n =5 animais/grupo).

Legenda: CTL-controle; VCL-veiculo, CMMO-células mononucleares de medula dssea; MON-mondcitos;
MMP-9-metaloproteinase-9; TIMP-1-inibidores de metaloproteinase-1; IL-10-interleucina-10.

8.3.3 Avaliacéao dos niveis de expressdo génica

O presente estudo identificou, através da RTQPCR, uma reducdo significativa na
expressdo do marcador de CEHs, o a-SMA, dois meses apos o transplante celular (Figura
19A). A expressdao dos mediadores TGF-B1 e gal-3, mostraram-se significativamente
diminuidos, no figado de animais submetidos ao transplante celular, nos dois tempos
avaliados (Figuras 19B e 19C).
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Figura 19- Efeitos da terapia celular nos niveis de expressdo de marcadores da fibrose hepética.
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Fonte: autora

Nota: Quantificacdo dos niveis de expressdo hepatica, por qPCR, dos alvos (A) a-SMA, (B) TGF-B1 e (C)
Galectina-3, em modelo crénico de esquistossomose, sete dias e dois meses apds terapia celular. Analise
estatistica pelo teste de Kruskal-Wallis, com p6s-hoc de Dunn (a =P < 0.05; b =P < 0.01; n = 5 animais/grupo).
Legenda: CTL-controle; VCL-veiculo; CMMO-células mononucleares de medula 6ssea; MON-mondcitos; a-
SMA-alfa-actina de musculo liso; TGF-p1-fator de crescimento e dtransformacao-beta.

A terapia com mondcitos CD11b* CD14" induziu, em modelo parasitario de fibrose
hepética, reducdo na expressdo hepéatica de marcadores associados ao perfil de ativacdo de
macrofagos M1, CCL5 (figura 20A), IL-12p (figura 20B) e CCR2/Ly-6C (Figura 20C), sete
dias e dois meses apoés terapia celular. Interessantemente, o estudo molecular também mostrou
reducéo significativa na expressdo dos marcadores do perfil M2 Arg-1 (figura 21A), YM-1
(figura 21B) e CD206 (figura 21C). No entanto, o marcador Fizz1l mostrou-se aumentado

significativamente apds o transplante celular (figura 21D).
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Figura 20- Efeitos da terapia celular na expressédo hepatica de marcadores de macrofagos M1.
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Fonte: autora

Nota: Quantificagdo dos niveis de expressdo hepatica, por gPCR, dos alvos (A) CCL5, (B) IL-12f e (C) CCR2.
Os alvos foram quantificados por qPCR, em modelo cronico de esquistossomose. Anélise estatistica pelo teste de
Kruskal-Wallis, com p6s-hoc de Dunn (a = P < 0.05; ¢ = P < 0.001; n = 5 animais/grupo).

Legenda: CTL-controle; VCL-veiculo; CMMO-células mononucleares de medula 6ssea; MON-mondcitos;
CCL5-C-C motif chemokine ligand 5; IL-12p-interleunina-12beta; CCR2-C-C motif chemokine receptor 2.
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Figura 21- Efeitos da terapia celular na expressao hepatica de marcadores de macrofagos M2.
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Fonte: autora

Nota: Quantificacdo dos niveis de expressdo hepética, por qPCR, dos alvos (A) Arginase-1, (B) YM-1, (C)
CD206 e (D) Fizz1. Os alvos foram quantificados por gPCR, em modelo cronico de esquistossomose. Anélise
estatistica pelo teste de Kruskal-Wallis, com p6s-hoc de Dunn (a=P <0.05;b=P <0.01;¢c=P<0.001; n=5
animais/grupo).

Legenda: CTL-controle; VCL-veiculo; CMMO-células mononucleares de medula 6ssea; MON-mondcitos; Arg-
1-arginase-1; YM-1- proteina 3 semelhante a chitinase-3; CD206- receptor de manose 1 tipo-C; Fizz1- molécula
alfa 1 semelhante a resistina.
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9 DISCUSSAO

O presente estudo reforca a importancia dos monaocitos/macrofagos no reparo hepatico,
mostrando, através de avaliagdes morfoldgicas, bioquimicas, imunoldgicas e moleculares, a
atuacdo desta populacdo celular na regulagédo de vias fibrogénicas relevantes, nos dois
modelos de lesdo hepatica cronica avaliados (toxico e parasitario). Investigacoes recentes tém
atribuido uma grande plasticidade as celulas da linhagem mondcito/macrofago, e que a
depender do microambiente tecidual, tais células podem ser conduzidas a assumir um perfil
pro-resolutivo, contribuindo assim para regressdo da fibrose hepética experimental (WYNN;
VANNELLA, 2016).

Nossos resultados demonstraram que o transplante de monocitos CD11b" CD14*
derivados de CMMO promoveu efeitos benéficos nas lesdes hepaticas, causando assim
significativa redugdo na fibrose, como demonstrado através da analise morfométrica do tecido
fibroso e da avaliacdo dos niveis de hidroxiprolina, além da mensuracdo do volume dos
granulomas hepaticos em modelo de esquistossomose crénica. Os beneficios observados pos-
transplante celular podem ser o resultado da regulacdo de importantes citocinas envolvidas
nos processos de reparo tecidual. Trabalhos anteriores, conduzidos por nosso grupo, tém
mostrado diminuicdo dos niveis de colageno hepéatico em animais submetidos a terapia com
CMMO (OLIVEIRA et al., 2008, 2012). No entanto, os resultados obtidos no presente estudo
mostraram uma melhora acentuada nesses pardmetros ap6s a infusdo de mondcitos CD11b"
CD14", usando 0s mesmos modelos experimentais.

Os macréfagos, importantes elementos na mediacdo da resposta inflamatdria,
apresentam uma dicotomia quando ativados, assumindo diferentes fenotipos a depender dos
estimulos do microambiente tecidual (MAHBUB; DEBURGHGRAEVE; KOVACS, 2012).
Com base nos resultados obtidos na presente investigacdo e nos dados encontrados na
literatura (JU; TACKE, 2016), pode-se sugerir que subtipos de macrofagos restauradores
possam estar envolvidos no reparo tecidual através da inibicdo da producdo de citocinas
inflamatorias (TNF-a, IL-1pB and IL-6), e aumento da producdo da citocina anti-inflamatéria
IL-10. Estudos prévios tém reportado o papel dos macréfagos na mediacdo da fibrogénese
hepética, e tem proposto a participagdo de subpopulagdes de mondcitos durante a leséo e
reparo hepatico (DUFFIELD et al., 2005; RAMACHANDRAN; IREDALE, 2012). Terapias
realizadas em modelos experimentais tém indicado que a infusdo de macrdfagos obtidos de
cultura de mondcitos de medula dssea pode promover diminuicdo da fibrose hepatica e

potencializar os processos de regeneracdo do figado (MOORE et al., 2015; SUH et al., 2012;
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THOMAS et al., 2011). Nosso estudo reforga o potencial anti-fibrogénico desta populagéo
celular frente a modelos murinos de leséo hepatica cronica.

A diminuicdo dos niveis de tecido fibroso hepatico observada em nosso estudo pode
estar correlacionada com um baixo nimero de CEHs ativadas. O papel pré-fibrogénico deste
tipo celular tem sido reportado na literatura, que descreve uma relagéo direta entre a fibrose
hepatica murina e o numero de CEHs ativadas (JIANG; TOROK, 2013; TROEGER et al.,
2012). Nesse sentido, estudos tém evidenciado que a terapia com CMMO promoveram
diminuicdo no nimero de células a-SMA" em modelo murino de lesdo hepatica (TANIMOTO
et al., 2013). Em nossa investigacdo, a diminuicdo de CEHs ativadas apds o transplante de
mondcitos CD11b" CD14" foi identificada através da imuno-histoquimica para a-SMA, em
modelo toxico de lesdo hepatica, bem como pela reducdo da expressao hepatica de a-SMA
avaliada por RTgPCR, em modelo parasitario de fibrose hepatica. Considerando que a
ativacdo das CEHs é mediada por sinalizacdo paracrina e autécrina (JANG et al., 2015), n6s
hipotetizamos que mondcitos CD11b* CD14" transplantados modulam a atividade das CEHs
através da regulacdo de citocinas e fatores de crescimento, incluindo TGF-B1, TNF-a, além de
ROs, produzidos por hepatdcitos danificados.

A produgdo das citocinas pro-inflamatérias TNF-a, IL-1p e I1L-6 foram inibidas nos
animais submetidos a terapia com monécitos CD11b" CD14", nos dois modelos estudados.
Vaérias citocinas inflamatdrias parecem participar na patogénese da fibrose através da
promocdo da diferenciacdo de CEHS quiescentes em miofibroblastos (DUFFIELD et al.,
2013). TNF-a e IL-1P séo importantes mediadores da fibrose: TNF-a tem um papel critico na
fibrose hepética induzida por CCl, (TOMITA et al., 2006); IL-1B é um potente mediador
inflamatdrio que promove a ativacdo de miofibroblastos através de mecanismos dependentes
de TGF-p (FAN et al., 2001). Ambas as citocinas também induzem a producdo de IL-6, que
exibe atividade autocrina em fibroblastos, além de estar envolvida na inducdo da fibrose
hepéatica (DUFFIELD et al., 2013).

Além disso, foi evidenciado um aumento na producdo da citocina IL-10 ap0s terapia
com monacitos, nos dois modelos avaliados. Esta citocina anti-inflamatoria tem um papel
central na regulacdo da resposta imune, atenuando a inflamacéo e assim, prevenindo les6es ao
hospedeiro, e tem sido fortemente associada ao perfil M2reg (LICHTNEKERT et al., 2013;
YAO et al., 2015). No figado, IL-10 tem funcdo protetora durante o estabelecimento de lesdes
crénicas (HAMMERICH; TACKE, 2014). Além disso, tem sido relatada como uma citocina
supressora da atividade pro-fibrogénica das CEHs (SUH et al., 2012), e efetora na inibicao da
producdo de colageno e na secrecdo de TGF-p (HAMMERICH; TACKE, 2014). Os
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resultados obtidos mostram a influéncia da infusdo de mondcitos na expressdo hepética dos
referidos mediadores, permitindo inferir que as células utilizadas na terapia possam ter atuado
na imunorregulacéo das vias inflamatorias e fibrogénicas.

A modulacdo da inflamacdo durante os processos de reparo tecidual através da elevada
expressao de IL-10 e inibi¢do da producdo de TNF-a, IL-1p and IL-6 estdo bem descritas na
literatura (MA et al., 2016). Devido ao seu papel na ativacao e proliferacdo das CEHSs, essas
citocinas tém sido implicadas na patogénese da inflamagédo hepatica crénica, principalmente
pelo aumento da producdo de coldgeno, e na regulacdo de MMPs e TIMPs na lesdo de figado
(HUNG et al., 2005; ROBERT et al., 2016). Estudos em terapia génica tém mostrado que um
aumento na expressdo de IL-10 reduz a expressdao de moléculas pro-fibroticas, tais como
TGF-B1 e TNF-a (HUNG et al., 2005), inibindo assim a resposta inflamatoria e a ativacao das
CEHs, com consequente restabelecimento da funcdo hepéatica (HUNG et al., 2005; ROBERT
et al., 2016).

Em nossa investigacdo foi encontrado, tanto por ensaios imunologicos como por
avaliacdes moleculares, uma reducdo significativa nos niveis hepaticos de TGF-B1l. Esses
resultados corroboram outros achados do presente estudo, indicando assim que os mondcitos
transplantados desempenham uma importante atividade anti-fibrogénica. TGF-B1  esta
diretamente envolvido na ativacdo das CEHs e na sintese de componentes da MEC,
principalmente colageno tipo | (JIANG; TOROK, 2013). TGF-p1 também desempenha um
importante papel na inibicdo da degradacdo da MEC, bloqueando a sintese de MMPs e
induzindo um aumento na producdo de TIMPs, o que leva a deposi¢do excessiva de colageno
e ao estabelecimento da fibrose hepética (ZHOU; ZHANG; QIAO, 2014). Estudos prévios
tém associado a melhora no quadro de fibrose hepatica experimental apds terapia com
CMMO com a redugdo nos niveis de TGF-f1 (OLIVEIRA et al., 2008; THOMAS et al.,
2011). Nossos dados sugerem que a terapia com mondcitos atue nesta via fibrogénica,
contribuindo assim para a reducéo da fibrose hepatica murina.

A presente investigacdo mostrou que o transplante celular causou, nos dois modelos
estudados, uma diminuicdo significativa nos niveis de IL-17, uma citocina pré-inflamatoria
efetora, produzida por células T CD4. (WEAVER et al., 2007). Em condi¢bes de lesédo
hepética, este mediador induz o recrutamento de células inflamatoérias para o figado, bem
como ativa diretamente células da imunidade inata, tais como neutrofilos e células
dendriticas, para a liberacdo de citocinas que perpetuam a inflamacdo cronica (YASUMI et
al., 2007). Achados anteriores tem relatado que celulas T helper (Th) 17 s&o habeis em

participar da patogénese de lesdes hepaticas associadas com a infeccéo pelo virus da hepatite
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B (WANG; CHEN; XU, 2011), bem como da imunomodulacdo do granuloma hepético
decorrente da esquistossomose mansbnica (RUTITZKY; STADECKER, 2011).
Recentemente, evidencias indicaram que a IL- 17 pode estar implicada na inducdo da fibrose
hepética, contribuindo para a ativagdo de CEHSs in vitro (WANG; CHEN; XU, 2011).

Adicionalmente, o presente estudo identificou, através de ensaios imunoldgicos,
reducdo nos niveis hepaticos da citocina 1L-23, ap0s terapia com mondcitos CD11b" CD14"
em modelo parasitario de fibrose hepatica. Esses achados corroboram estudos anteriores que
identificaram a IL-23 como uma importante citocina pré-inflamatoéria indutora da resposta
Th17 fibrogénica (DUFFIELD et al., 2013; GASSE et al., 2011; LARKIN et al., 2012), além
de sua conhecida participacdo na reposta produzida por macrofagos M1 (BRAGA;
AGUDELO; CAMARA, 2015).

Nossos resultados mostraram que a terapia com monécitos CD11b™ CD14" promoveu
uma reducdo significativa na expressdo de Osteopontina (OPN) em modelo toxico de lesdo
hepética cronica. OPN é uma glicoproteina expressa numa variedade de tecidos, encontrada
principalmente na MEC e em sitios de reparo tecidual (SUBRAMAN et al., 2015). Estudos
tém mostrado que essa proteina é altamente expressa no tecido fibroso hepético e influencia a
funcdo de células progenitoras do figado (LANCHA et al., 2014). Nessas condicdes, niveis
aumentados de TGF-p e a ativacdo das CEHs podem também ser observados (LANCHA et
al., 2014; SETH et al., 2014). Nesse contexto, pode-se supor que a supressdo da OPN apés o
transplante de mondcitos de medula 6ssea poderia levar a atenuacdo da fibrose hepatica
(COOMBES t al., 2016; WANG et al., 2016).

A glutationa (GSH) é uma conhecida molécula anti-oxidante, que atua como um
modulador da sinalizacdo redox, da proliferacdo celular, da apoptose, da resposta imune e da
fibrogénese (LIU; GASTON PRAVIA, 2010; LU, 2013). Foi demonstrado que niveis
reduzidos desta molécula foram encontrados em modelos pré-clinicos de fibrose e em doencas
fibroticas humanas (LIU; GASTON PRAVIA, 2010). Estudos prévios tém mostrado que uma
maior producdo de GSH inibe a atividade fibrogénica do mediador TGF-B1(LIU; GASTON
PRAVIA, 2010). Foi observado, em modelo toxico de lesdo hepatica crénica, um aumento de
GSH ap6s o transplante de mondcitos CD11b" CD14", sugerindo uma associagio entre os
efeitos anti-fibroticos observados nos animais tratados com mondcitos e a atividade anti-
oxidante desta populagéo celular.

AlteracBes nos niveis de algumas moléculas envolvidas na fibrogénese, bem como no
remodelamento do tecido fibroso foram avaliadas nesse estudo. A terapia com mondcitos

CD11b" CD14" em camundongos com lesdo hepatica cronica, induzida pela intoxicagdo por
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CCl4 ou pela infeccdo por S. mansoni, provocou um aumento significativo nos niveis
hepéaticos de MMP-9, reforcando mais uma vez o potencial anti-fibrogénico que a terapia com
monocitos de medula Ossea tem apresentado no presente trabalho. Estudos anteriores
associam a reducdo da fibrose hepatica com a degradacgéo do tecido fibroso (TROEGER et al.,
2012). MMP-9 desempenha um importante papel na resolucéo da fibrose hepética, e tem sido
considerado um potente alvo terapéutico (PHAM VAN et al., 2008). Yang et al. (2014)
sugeriram que no microambiente hepatico, subpopulacbes de macréfagos exercem um papel
anti-fibrotico, uma vez que expressam varias MMPs, incluindo a MMP-9, esta diretamente
envolvida na degradacdo da MEC, favorecendo assim a resolucdo da fibrose hepatica. Em
outra investigacdo foi identificado que uma populagdo de macréfagos Ly6C'™" tem um papel
anti-fibrético no figado, uma vez que secretam MMPs (RAMACHANDRAN et al., 2012).

A presente investigagdo também mostrou, em modelo murino de esquistossomose
cronica, que a terapia com mondcitos CD11b* CD14" promoveu reducéo significativa nos
niveis de expressao génica da Gal-3. A galectina-3 consiste de uma proteina pleiotrépica, que
desempenha um papel importante na proliferacdo celular, adesdo, diferenciacdo, angiogénese
e apoptose, e mais recentemente tem sido associada a patogénese da fibrose hepatica (LI; LI,
GAO, 2014). Durante a infeccdo helmintica (i.e S. mansoni), a Gal-3 modula a resposta
inflamatdria, recrutamento e migracéo das células do sistema imune, bem como a liberacédo de
citocinas (BREUILH et al., 2007). Embora se saiba que a gal-3 esta envolvida na ativacao das
CEHs, ainda ¢é incerto se os efeitos observados estdo relacionados a uma acéao direta da Gal-3
sobre as CEHs, ou se ocorre um efeito secundario responsavel pela alteracdo na concentracao
hepética de citocinas que promovam o estabelecimento da fibrose hepatica (HENDERSON et
al., 2006; JIANG et al., 2012). Estudos pré-clinicos tém relatado que a utilizacéo de inibidores
de Gal-3 promove resolucdo da fibrose hepatica, em diferentes modelos experimentais
(TRABER; ZOME, 2013; TRABER et al., 2013). Oliveira et al. (2012) demonstraram que a
terapia com CMMO foi capaz de promover reducdo da fibrose hepatica associada a
diminuicdo na expressdo hepatica de Gal-3 em modelo murino de cirrose induzida por CCl,.
Baseado nesses achados pode-se dizer que a terapia com mondcitos de medula éssea atuou,
mais uma vez, em uma importante via fibrogénica.

O transplante de mondcitos CD11b* CD14" induziu reducdo nos niveis hepaticos de
TIMP-1 e IL-13, dois importantes mediadores pro-fibrogénicos. A presenga de grandes
guantidades de TIMP-1 durante os eventos de lesdo cronica do figado pode contribuir para o
estabelecimento da fibrose hepaética, e tem sido considerado um promissor alvo terapéutico no
tratamento da fibrose hepatica (GAO; BATALLER, 2011). IL-13 é uma citocina associada
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com as formas severas de fibrose hepética associada a esquistossomose mansodnica, bem como
em doencas hepaticas ndo esquistossomoticas (LIU et al., 2012). IL-13 € considerada um dos
mediadores centrais da patogénese hepatica, e estd diretamente associada a producédo de TGF-
Bl pelas células hepéticas, além de induzir células progenitoras a transdiferenciacdo em
miofibroblastos produtores de colageno (PELLICORO et al., 2014). Nossos dados reforgcam o
papel protetor de mondcitos/macréfagos nos processos de reparo tecidual, com atuacdo na
vias fibrogénicas.

Vérias investigacGes tém buscado identificar e correlacionar subgrupos funcionais
distintos de macrdéfagos nos processos de reparo tecidual (RAMACHANDRA,; IREDALE,
2012; SUH et al.,, 2012; TACKE; ZIMMERMANN, 2014). No presente estudo, foram
avaliados marcadores moleculares associados aos perfis de macréfagos M1 e M2, apds terapia
com monoécitos CD11b" CD14", em modelo parasitario de lesdo hepatica cronica. Em nossos
achados, observou-se uma reducéo significativa na expressédo de CCI5 e IL-12p3, marcadores
associados ao perfil classico de ativacdo de macréfagos (M1). Tais resultados corroboram os
achados das analises imunoldgicas, nos quais foram observadas reducdes significativas nos
niveis de mediadores inflamatdrios associados ao perfil M1, ap6s o transplante de mondcitos.
Wynn e Ramalingam (2012) descrevem que macréfagos M1 estdo associados com fungdes
pré-inflamatorias, que promovem a inicia¢do de processos pro-fibroticos através da ativacao
de miofibroblastos.

O estudo molecular também indicou que o transplante celular promoveu reducdo dos
marcadores Arg-1, YM-1 e CD206, associados ao perfil M2, mais especificamente ao perfil
M2a ou M2 fibrogénico (BRAGA; AGUDELO; CAMARA, 2015; LECH; ANDERS, 2013;
LEE et al., 2014; LICHTNEKERT et al, 2013). A arginase-1 (arg-1) é considerada um
protétipo marcador de macrofagos M2, e trata-se de uma enzima que utiliza 0 aminoécido L-
arginina como substrato para a producdo de L-ornitina. Esta serve de matéria-prima para a
biossintese de colageno, e por isso, varios estudos tém sugerido que arg-1 esteja envolvida
nos processos de fibrogénese (MUNDER, 2009), e que macréfagos M2a arg-1" estdo
diretamente associados ao quadro de fibrose (GIBBONS et al., 2011; WANG et al., 2015). Na
esquistossomose, um grande ndmero de macrofagos arg-1" estdo localizados ao redor dos
granulomas hepéticos (PESCE et al., 2006). Ym1, é uma lectina amplamente considerada
como marcador de macr6fagos M2 em camundongos, e sua expressao € altamente regulada
por IL-4, IL-13 e TGF-p (ROSZER, 2015); CD206 é um marcador bem conhecido tanto para

macrofagos M2 de camundongos quanto para macrofagos M2 de humanos (BRAGA,



66

AGUDELO; CAMARA, 2015). Beljaars et al. (2014) associaram elevada expresséo de
CD206 e de YM-1 as areas de fibrose hepatica induzida por CCl,.

Interessantemente, a avaliagdo dos niveis de expressdo, em modelo murino de
esquistossomose cronica, mostrou aumento significativo na expressdo génica hepética de
Fizz1, ap6s terapia com mondcitos de medula 6ssea. O papel de Fizz1 na resposta imune Th2,
bem como na fibrogénese ainda ndo esta totalmente elucidado. Ndo ha um consenso a respeito
da relacéo deste marcador com um subtipo de macréfago M2. Algumas publica¢bes associam
a alta expressao de Fizz1 a macréfagos M2 pré-fibrogénicos (WILSON et al., 2007). Murthy
et al. (2017) afirmaram que macrofagos com fendtipo pro-fibrotico, positivos para arg-1
apresentaram niveis de expressao reduzidos de Fizzl.

O presente estudo também evidenciou uma reducao significativa na expressdo hepatica
de CCR2, apds terapia com mondcitos de medula éssea. O receptor de quimiocina CCR2 esté
envolvido no recrutamento de mondcitos para as areas de lesdo, e é altamente expresso em
mondcitos/macréfagos Ly6C", induzidos durante a progressdo da fibrose (KARLMARK et
al., 2009; MITCHELL et al., 2009). Um estudo conduzido por Mitchell e cols (2009)
demonstrou que camundongos knockouts para CCR2 apresentaram niveis significativamente
mais baixos de fibrose hepética induzida por CCls, em comparagdo com animais selvagens.
Recentemente, foi identificado um novo subtipo de macréfago, que tem sido considerado um
elemento critico para a resolucdo da fibrose hepatica. Ramachandran e colaboradores (2012)
encontraram em suas investigacdes que macréfagos Ly6C'™" secretam grandes quantidades de
MMPs fibroliticas, tais como MMP-9 e MMP-13, bem como IL-10. O aumento nos niveis de
MMP-9 e IL-10 também foram observados em nosso estudo, sugerindo que a terapia com
monocitos de medula dssea influenciou na regulacdo das vias de ativacdo dos macréfagos
envolvidos na resposta inflamatdria cronica.

Baseado nos resultados obtidos em nosso estudo, aliados aos achados encontrados na
literatura, podemos inferir que a terapia celular com mondcitos derivados da medula 6ssea
contribui para a melhora hepéatica em modelos pré-clinicos de lesdo cronica de figado. Tais
achados nos levam a supor que a modalidade terapéutica proposta no presente trabalho, pode
conduzir ao predominio de macréfagos M2reg, produtores de citocinas imunossupressoras
(IL-10), e estes podem estar envolvidos na remodelacdo das proteinas fibroliticas, na
modulacdo da resposta inflamatoria e da fibrogénese, bem como na regulagdo do estresse

oxidativo decorrente da lesdo tecidual hepatica (figura 22).
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Figura 22- Mecanismos envolvidos na participacdo de macréfagos M2 regulatorios no reparo hepatico.

MACROFAGO
M2reg

I Remodelagao do tecido
P fibroso hepatico

Modulac¢ao da resposta

inflamatoria e fibrogénica

NN  Regulacio do estresse
oxidativo

Fonte: autora

Nota: Eventos de remodelacdo do tecido fibroso hepético, modulacdo da resposta inflamatéria e fibrogénica,
além de regulagdo do estresse oxiadtivo foram observados ap0s terapia com ondcitos de meula Gssea em

modelos experimentais de hepatopatias.
Legenda: M2reg-macréfagos M2 regulatdrios; 1L-10: interleucina-10.
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10 CONCLUSAO

A terapia com monécitos CD11b* CD14" em modelos murinos de lesdo hepatica
cronica parece contribuir para a regressdo da fibrose hepatica, independente do estimulo
agressor, através de uma combinacdo de mecanismos, que envolve a modulagdo da resposta
inflamatdria e remodelacdo da MEC constituinte do tecido fibroso, através da expressdo de
MMPs, da supressdao do microambiente hepatico pro-fibrogénico e pela indugdo da inibicéo
das CEHs ativadas.
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Abstract

AIMS: To evaluate the therapeutic effects of bone marrow-derived CD11b* CD14*

monocytes in a murine model of chronic liver damage.

METHODS: Chronic liver damage was induced in C57BL/6 mice by administration of
carbon tetrachloride (CCls) and ethanol for six months. Bone marrow-derived
monocytes isolated by immunomagnetic separation were used for therapy. The cell
transplantation effects were evaluated by morphometry, biochemical assessment,

immunohistochemistry and enzyme-linked immunosorbent assay (ELISA).

RESULTS: CD11b* CD14* Monocyte therapy significantly reduced liver fibrosis and
increased hepatic glutathione (GSH) levels. Levels of proinflammatory cytokines,
including tumor necrosis factor-alpha (TNF-a), interleukin-6 (IL-6) and IL-1pB, in
addition to pro-fibrotic factors, such as interleukin (IL)-13, transforming growth factor-
beta (TGF-f1) and tissue Inhibitor of Metalloproteinase-1 (TIMP-1) also decreased,
while IL-10 and matrix metalloproteinase (MMP)-9 increased in the monocyte-treated
group. CD11b* CD14* Monocyte transplantation caused significant changes in the

hepatic expression of alpha-Smooth Muscle Actin (a-SMA) and osteopontin (OPN).

CONCLUSION: The results show that monocyte therapy is capable of bringing about
improvement of liver fibrosis by reducing oxidative stress and inflammation, as well as

increasing anti-fibrogenic factors.

Key words: Monocytes, Bone Marrow Mononuclear Cells, Cell Therapy, Liver Fibrosis,

Macrophages, Glutathione.
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Core Tip: Chronic inflammation is now recognized as a central player in the
development of liver fibrosis. Studies have shown that activated macrophages
establish a link between chronic inflammation and fibrosis in various organs. The
present study evaluated the therapeutic effects of bone marrow-derived CD11b*
CD14* monocytes in a murine model of liver damage. The results show that mice
with transplants showed improvement of liver fibrosis by way of a reduction in
oxidative stress and inflammation and an increase in anti-fibrogenic factors. The
study demonstrates the beneficial effects of cellular therapy in liver fibrosis and also

reports on the important modulatory mechanisms involved.

Souza VCA, Pereira TA, Teixeira VW, Carvalho H, de Castro MCAB, D’assuncao
CG, Barros AF, Carvalho CL, Lorena VMB, Costa VMA, Teixeira AAC, Figueiredo
RCBQ, Oliveira SA. Bone Marrow-derived Monocyte Infusion Improves Hepatic
Fibrosis by decreasing Osteopontin, TGF-f31, Interleukin-13 and Oxidative Stress.
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INTRODUCTION

The abuse of alcohol, infections caused by hepatitis viruses B and C, and
nonalcoholic steatohepatitis (NASH) are the main causes of liver tissue damagelll.
These risk factors can lead to focal or diffuse hepatocellular degeneration and
necrosis. Persistent inflammatory stimulus in the liver can induce the formation of
fibrous tissue, and ultimately lead to the development of liver cirrhosisl?l. Hepatic
stellate cells (HSCs) play an important role in liver fibrogenesis because they are the
main source of secreted extracellular matrix components (ECM)Bl. When severe liver
damage occurs, HSCs are activated, mainly by the action of transforming growth
factor beta (TGF-f), tumor necrosis factor alpha (TNF-a) and reactive oxygen species

(ROS), produced by damaged hepatocytes or liver-resident macrophagesl4l.

The ECM contain various types of proteins, including osteopontin (OPN)[], a
proinflammatory cytokine that modulates the pro-fibrogenic phenotype of HSCs and
is involved in many physiological and pathological processes, including
inflammation, fibrosis and angiogenesisl>¢l. OPN has also been described as a
mediator induced by the Hedgehog pathway (Hh) and plays an important role in the
repair of acute and chronic liver damage, both in humans and experimental

modelsl78].

The remodeling of fibrous tissue is a complex mechanism by which multiple
cell types, producing molecules such as matrix metalloproteinases (MMPs) and tissue
inhibitors of metalloproteinases (TIMPs), play an important role in the synthesis and
degradation of the ECMPL In chronic liver damage, the establishment of hepatic
fibrosis is directly related to MMP/TIMP imbalance [10], thereby showing that MMPs
and TIMPs may be potent therapeutic targets/1l.

Although important advances in the knowledge of chronic liver diseases have been
made, the existing treatments are still limited. New, more effective and less invasive
therapeutic strategies are therefore needed. In this context, several studies of
regenerative medicine have demonstrated the potential of cell therapy as a promising

emerging treatment for liver diseasesl'?l and various cell populations have been
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investigated to this end['213l. Bone marrow mononuclear cells (BMMCs) have shown
promising results in both experimentall¥l and clinical’>16l studies. Previous studies
of experimental models of liver injury have demonstrated that cell therapy is able to
decrease mortality”l and levels of hepatic fibrosis/!;, improve biochemical
parameters(!8], increase MMP-9 expression[!?]; and reduce levels of TGF-p1 [20] and

galectin-3 expressionl4l.

Identifying which components of the BMMC population are responsible for
the beneficial effects of cell therapy is extremely important for clinical application.
Recent studies have reported that monocytes may have important therapeutic
potential in chronic liver diseasesl?122l. These cells are the precursors of the
heterogeneous macrophage population involved in liver repair responses. In the
liver, macrophages perform various functions, such as phagocytosis and cytokine
production, which are important in the inflammatory response to damage, liver
fibrosis and degradation of ECMI224. [n vitro assays have shown that monocytes
maintained in culture supplemented with hepatocyte growth factor (HGF) exhibited
similar behavior to those hepatic cells obtained from the liver culturel?!l. One
preclinical study has shown that cellular therapy with cultured macrophages
decreases murine liver fibrosis and this is followed by changes in the levels of some

mediators involved in liver repairl22l.

Although these findings are of great importance, information about the
functions of monocyte/macrophage cell lineages in cell therapy for liver diseases is
still limited. The present study evaluated the therapeutic potential of bone marrow-
derived monocytes in a murine model of chronic liver damage induced by carbon

tetrachloride (CCly) and ethanol (EtOH).

MATERIALS AND METHODS
Animals

Male C57BL/6 mice (4-6 weeks of age), weighing 20-23 g were obtained from the
Animal Breeding Center Laboratory (CECAL) Fundacdo Oswaldo Cruz (FIOCRUZ,
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Rio de Janeiro, Rio de Janeiro, Brazil), and housed in the animal research facility in
the Aggeu Magalhdes Research Center (CPqAM), (FIOCRUZ, Recife, Pernambuco,
Brazil). The animal protocol was designed to minimize pain or discomfort to the
animals, which were maintained in rooms with a controlled temperature (22+ 2°C)
and humidity (55 £10%) environment under continuous air renovation conditions.
Animals were housed in a 12-h light/12-h dark cycle and free access to food
(Nuvilab, Curitiba, Parana, Brazil) and water. Experimental procedures were in
accordance with the ethical standards of the Oswaldo Cruz Foundation and
approved by the Ethics Committee for the Certified Use of Animals (CEUA-CPqAM
15/2011).

Chronic liver damage and experimental design

Chronic liver damage in the mice was induced by orogastric administration of 200 pL
of 20% carbon tetrachloride (CCls) solution diluted in olive oil in twice weekly
doses!¥l. The mice also received a 5% ethanol solution in water ad libitum. CCls
treatment was carried out for six months. The mice were randomly divided into four
experimental groups with chronic hepatic damage: Group I: Control mice (normal
mice) (n = 5); Group II: Saline-treated mice (n = 5); Group III: Mice treated with
BMMC s (n = 5); Group IV: Mice treated with BMMC-derived monocytes (n = 5).

Isolation of BMMCs and Monocytes

Bone marrow was harvested from the femurs and tibiae of donor C57BL/6 mice (n =
15) and BMMCs were purified by centrifugation in a Ficoll gradient (Histopaque
1119 and 1077, Sigma Aldrich, St Louis, MO, USA) at 1000 g, for 15 minutes. This
protocol facilitates the rapid recovery of viable BMMCs using two ready-to-use
separation mediums in conjunction. The BMMC preparation was used to isolate
monocytes by way of the immunomagnetic cell separation system. For this, the
BMMCs (approximately 107 cells/mL) were incubated with anti-CD11b antibodies
conjugated to magnetic microbeads (MACS units, Milteny Biotec™), washed and
passed through a magnetic column (MACS, Milteny Biotec™), where CD11b*

monocytes were retained and recovered in a buffer (0.5% PBS/BSA 0.5% bovine
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serum albumin-BSA 2 mM EDTA+ 2 mM EDTA). Finally, the cells were washed and

re-suspended in 0.9% sterile saline, which was later infused into the mice.

Cell characterization

The BMMCs and monocytes obtained by imunomagnetic separation were first
incubated with Anti-CD11b (PE Rat Anti-Mouse CD11b, M1/70 clone, BD
Pharmingen™), Anti-CD14 (FITC Rat Anti-Mouse CD14, rmC5-3 clone, BD
Pharmingen™), Anti-CD45 (APC Rat Anti-Mouse CD45, 30-F11 clone, BD
Pharmingen™), Anti- CD34 (PE Rat Anti-Mouse CD34, RAMS34 clone, BD
Pharmingen™) and Anti-Ly6A (FITC Rat Anti-Mouse Ly-6A/E, D& clone, BD
Pharmingen™). After 30 minutes of incubation, cells were washed with 2mL of PBS
wash (PBS 0.5% BSA 0.1% sodium azide), centrifuged at 400xg for 5 minutes and
then resuspended in 300ul of PBS wash. The samples were then phenotypically
characterized by flow cytometry (FACS Calibur, BD Biosciences, San Jose, CA). A
minimum of 10.000 events/sample were collected. The cell population obtained by
immunomagnetic separation presented the following phenotype distribution: 99.12%
CD11b*; 97.99% CD14*; 98.3% CD45%; 1.36% CD34* and 1.81% Ly6A* cells, differed
from those of BMMC which were: 58.3% CD11b*; 47.76% CD14*; 79.4% CD45*; 3.6%
CD34* and 13.55% Ly6A* cells, demonstrating an enrichment of homogeneous
monocytes population in our cell preparation. Figure 1 shows representative FACS
histograms of BMMCs and CD11b* monocytes isolated by immunomagnetic

separation.

Cell infusion in mice with chronic liver damage

Six months after treatment with CCls/ethanol, bone marrow-derived CD11b* CD14*
monocytes and BMMCs were administered endovenously to the mice (10°

cells/animal) for three consecutive weeks. Two months after transplantation, mice
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were euthanized and the liver and the spleen were extracted for further analysis

(Figure 2).
Morphometric Evaluation

In order to characterize and quantify liver fibrosis, treated and non-treated samples
were fixed for 24 hours in 10% formalin, embedded in paraffin, sectioned (5 pm) and
stained with picro-Sirius. The images were obtained using an optical microscope
(DM LB 2, Leica Microsystems) equipped with LEICA JVC TK (model - C 1380, Pine
Brook, NJ, USA) and analyzed using the Image Analysis Processing System LEICA
QWIN, version 2.6 MC (Leica, Cambridge, UK). Ten microscopic fields (100 X
magnification) containing fibrous tissue areas were chosen for quantification. To
detect and quantify Kupffer cells, the histological sections were stained with
haematoxylin and eosin (H&E) and observed under an optical microscope (DM LB 2,
Leica Microsystems). The cell counts were performed in 10 fields/sections (400 X

magnification).
Hydroxyproline Assay

Liver samples (approximately 200 mg) were immersed in 6N HCI at approximately
120°C for 18 hours followed by filtration. The hydroxyproline (Hyp) concentration
was determined by a colorimetric assay at 558 nm as previously described [2°! and

expressed as nMol/ g liver.
Immunohistochemistry Analysis

Immunohistochemistry was carried out to evaluate the activated HSCs (alpha-
smooth muscle actin, a-SMA) and OPN. To stain a-SMA, liver sections (5 pm) were
initially deparaffinized with xylene; dehydrated in increased concentration of
ethanol; incubated overnight with biotinylated antibody anti-a-SMA (Santa Cruz
Biotechnology, Santa Cruz, California, USA); and then incubated with streptavidin-
peroxidase for 10 minutes. For OPN staining, the samples were incubated overnight
with primary anti-OPN antibodies (AF808, R&D Systems, Minneapolis, MN, USA),

as previously describedl®l. Thereafter, a secondary antibody bound to a synthetic
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polymer conjugate with peroxidase (HRP, horseradish peroxidase).
3,3'diaminobenzidine (DAB) was used for staining. The sections were counter-
stained with Harris hematoxilin. The staining was measured in ten-fields/sections
(200 X magnification) using an Image Analysis Processing System LEICA QWIN,
version 2.6 MC (Leica Cambridge, Cambridge - UK).

GSH measurement

To evaluate oxidative stress, the amount of Glutathione (GSH) was quantified using
liver fragments from mice submitted to the cell therapy and those that were not. The
liver fragments were weighed, macerated in 5% metaphosphoric acid solution and
centrifuged at 12000 g at 4°C for 10 minutes. GSH was detected using the Glutathione
Assay Kit (Sigma Aldrich, St Louis, MO, USA) and measured with a microplate
reader (BioRad - 415 nm).

Enzyme-Linked Immunosorbent Assay (ELISA)

Frozen liver fragments (~100 mg) were homogenized in a lysis buffer (50 mM Tris-
HCl, 300 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.02% Sodium Azide) containing
a protease inhibitor cocktail (Roche, Mannheim, Germany). The lysates were
centrifuged at 16000 g for 15 minutes at 4°C and supernatants were used to quantify
the levels of TNF-a, IL-6, IL-1p, IL-13, IL-10, IL-17, IL-23, TGF-p1, MMP-9 and TIMP-
1 by way of a sandwich ELISA assay following the manufacturers’ instructions (IL-
13, IL-17, IL-23, MMP-9 and TIMP-1: R&D Systems, Minneapolis, MN, USA; TGF-p1:
Human/mouse TGF-betal, e-Bioscience, San Diego, CA, USA; TNF-a, IL-1p, IL-6
and IL-10: BD OptEIA set mouse, San Diego, CA, USA). Samples were read at a 450
nm wavelength using a microplate reader (model 3550, Thermo Scientific). The
concentration of TGF-p1 was also determined from supernatants of splenocyte
culture obtained from mice used in the study, as previously described[?®l. The

cytokine concentration was expressed in pg/mL.

Statistical Analysis
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Quantitative data were submitted to the normality test (Shapiro-Wilk). Differences
were evaluated using the ANOVA test, for parametric analysis, and the Kruskal-
Wallis test, with post-hoc Dunn, for non-parametric analysis. Statistical analyses
were performed using Prism Software (version 5.0, GraphPad Software, San Diego,
CA, USA) and Bioestat 5.3 (Mamiraud Institute, Manaus, AM, Brazil). A p value of <
0.05 was considered statistically significant. Data were expressed as mean values

(mean = SEM).

RESULTS

Monocyte Therapy alters Hepatic Fibrosis

Morphometric analysis, two months after therapy, showed a significant decrease in
fibrotic areas in the liver from CD11b* CD14* in the monocytes-treated group
compared to the saline-treated group (P < 0.001; Figures 3B, 3D and 3E). This
decrease was also found in mice treated with BMMCs (P < 0.05; Figures 3B, 3C and
3E). A marked reduction in the amount of hydroxyproline was also observed in the
group that received monocyte treatment (P < 0.01; Figure 3F). The number of Kupffer
cells significantly increased in the monocyte-treated (P < 0.001) and BMMC-treated

(P <0.01) groups, when compared to the saline-treated group (Figure 3G).

To test whether CD11b* CD14* monocyte transplantation was able to alter the
number of activated HSCs, a-SMA positive cells were assessed by
immunohistochemistry. As shown in Figure 4, a-SMA-positive cells in the hepatic
parenchyma decreased in the mice that received monocytes (P < 0.01, Figures 4D-E)
as well as in the BMMC-treated group (P < 0.05, Figures 4C-E) compared with the
group treated with saline (Figures 4B-E). Furthermore, OPN also decreased after
CD11b* CD14* monocyte therapy (Figure 5).

Monocyte Transplantation reduces Hepatic Inflammatory and Pro-Fibrotic Cytokine Levels

To investigate the mechanisms involved in the improvement of hepatic fibrosis after

CD11b* CD14* monocyte therapy, the levels of hepatic inflammatory and pro-fibrotic
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cytokine were quantified. The levels of TNF-a, IL-1p and IL-6 in liver lysates were
significantly lower in the CD11b* CD14* monocytes -treated group (P < 0.05, Figure
6A-6C). IL-13 (Figure 6D) and TGF-1 (Figure 7A), important fibrogenic mediators,
were significantly lower compared than in mice treated with saline (P < 0.05). In the
supernatant splenocyte culture obtained from the monocyte- and BMMC-treated
groups there was a significant decrease in TGF-1 compared with the saline-treated
mice (P < 0.0, figure 7B). IL-17 cytokine levels were also lower in animals undergoing
cell transplantation (P <0.01, Figure 7C). A trend was also observed for decreased IL-

23 cytokine levels (Figure 7D).
Monocyte Therapy altered MMP-9, TIMP-1 and IL-10 Hepatic Levels

The levels of MMP-9 and TIMP-1, two relevant factors associated with liver fibrosis,
were evaluated. A significant increase in the production of MMP-9 was found in
animal treated with CD11b* CD14* monocytes and BMMC (P < 0.05, Figure 8A).
Interestingly, TIMP-1 levels were significantly lower in CD11b* CD14* monocyte-
treated mice (P < 0.05; Figure 8B). The monocyte-treated group also showed
significantly increased levels of IL-10 in comparison with the saline-treated group (P

< 0.05, figure 8C).

Monocyte Therapy Increases GSH Levels

GSH levels were determined to evaluate the influence of CD11b* CD14* monocyte
therapy on oxidative stress. Monocyte-treated mice with chronic liver damage had

significantly higher levels of this antioxidant molecule than the saline-treated group

(P <0.05, Figure 8D).

DISCUSSION

The present study corroborates the importance of monocytes/macrophages in
liver repair. These may act to regulate some significant fibrogenic pathways, in a

murine model of chronic liver damage. Monocytes/Macrophages are cells with great
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plasticity and, depending on the tissue microenvironment, may be caused to adopt a

profile that contributes to resolution/regression of experimental hepatic fibrosis(24.

The results of the present study demonstrate that transplantation of BMMC-
derived CD11b* CD14* monocytes had beneficial effects on liver lesions, thereby
causing a significant reduction in fibrosis, mainly by regulating important cytokines
involved in the liver repair process. Previous work carried out by our group has
already shown a decrease in collagen levels in a liver undergoing BMMC therapy!!4l.
However, the results obtained in the present study demonstrated an improvement in
these parameters on BMMC-derived CD11b* CD14* monocyte infusion, with an

almost twofold decrease in the collagen levels using the same experimental model.

Macrophages, important mediators of inflammatory responses, have a
dichotomous response when activated, assuming a classical (M1) or alternative (M2)
pathways phenotype depending on the environmental stimulus/?’l. The increase in
the number of hepatic resident macrophages (Kupffer cells) after cell therapy
observed in our study suggests that the subsets of restorative macrophages are
involved in the tissue repair by inhibiting the production of proinflammatory
cytokines (TNF-a, IL-18 and IL-6)i28l. Previous studies have reported the role of
macrophages in mediating liver fibrogenesis, and have proposed using macrophage
subpopulations during liver damage and repair(?> 2l Treatment carried out in
experimental models have shown that the infusion of bone marrow-derived

macrophages decreases fibrous tissue, and enhances hepatic regeneration(?2 30311,

The decrease in fibrous liver tissue observed in the present study may be
associated with the lower number of activated HSCs found. The pro-fibrogenic role
of this cell type has been already reported in the literature, indicating a direct
relationship between murine liver fibrosis and the rise in the number of activated
HSCsl3 321, In this regard, some studies have reported a decrease in the number of a-
SMA* cells in murine models of liver damage treated with BMCs. This decrease is
probably due to an alteration in the modulation of HSCs by specific cytokines and

growth factors, including TGF-p1, TNF-a, and also ROS, produced by hepatocytes in
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a damaged liver!3l. As activation of HSCs mediated by autocrine and paracrine
signaling and these cells not only secrete cytokines, but also respond to them [33, it
was hypothesized that BMMC-derived CD11b* CD14* monocytes modulate the

activity of HSCs by regulating the secretion of cytokines and growth factors.

The production of the proinflammatory cytokine profiles of TNF-a, IL-13 and
IL-6 were inhibited in mice submitted to liver damage and treated with CD11b*
CD14* monocytes. Furthermore, there was an increase in the synthesis of IL-10
cytokine, which is known for its Th2 profile and anti-inflammatory activity[34l. These
results show the influence of CD11b* CD14* monocyte infusion in the hepatic
production of inflammation and fibrogenesis mediators. The modulation of
inflammation during liver repair processes by way of increased expression of IL-10
and inhibition of the production of TNF-a, IL-1p and IL-6 is well described in the
literaturel®l. Because of their role in activating and proliferating HSCs, these
cytokines have been implicated in the pathogenesis of chronic liver inflammation,
mainly by increasing the production of collagen and regulating MMPs and TIMPs in
liver damagel3¢:37l. Gene therapy studies have shown that the overexpression of IL-10
reduces the expression of pro-fibrotic molecules such as TGF-p1 and TNF-a [¥7],
thereby downregulating the inflammatory response and reducing activated HSCs,

which ultimately leads to the reestablishment of liver function[36:371,

The present study found a significant decrease in TGF-f1 levels in both the
extracts of liver protein and the supernatant of cultured splenocytes. These results
corroborate other findings of the study, thereby indicating that transplanted
monocytes play an important anti-fibrogenic role. TGF-f31 is a growth factor which
plays a crucial role in initiating and maintaining liver fibrogenesisi4l. This factor is
directly involved in activating HSCs and synthesizing ECM components, mostly in
type I collagen [4l. It also plays an important role in inhibiting the degradation of
ECM, stimulating the decrease of MMP synthesis and increasing the production of
TIMPs, which leads to excessive deposition of collagen and the establishment of
hepatic fibrosisl?l. Previous studies have associated the improvement of experimental

liver fibrosis after BMMC-treatment with the reduction in TGF-1 levels[20. 22I. The
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results of the present study suggest that monocyte therapy acts through this

tibrogenic pathway, thereby contributing to reducing liver fibrosis in mice.

The present investigation showed that cell transplantation caused a significant
decrease in IL-17 levels, an effector proinflammatory cytokine, produced by CD4* T-
cellB8l. This mediator induces the recruitment of inflammatory into liver cells and
also directly activates natural hepatic immunity systems, such as neutrophils and
dendritic cells, to release cytokines that perpetuate chronic inflammation!®l. Previous
reports have reported that helper (Th) 17 T cells are able to participate in the
pathogenesis of hepatic lesions associated with HBVI4l. Recently, emerging evidence
has indicated that IL- 17 may be implicated in the induction of liver fibrosis,

contributing to the activation of HSCs in vitrol40l.

OPN is a glycoprotein expressed in a variety of tissues, mainly found in MEC
and the sites of healing woundsl[#!l. Studies have shown that this protein is highly
expressed in fibrotic liver tissue and influences the function of hepatic progenitors/42l.
Under this condition, increases in the level of TGF-p and activation of HSCs could be
also observed[®42l. It thus seems reasonable to suppose that deactivation of OPN
could lead to attenuation of liver fibrosisll®l. The results of the present study
accordingly showed a significant decrease in the production of OPN and in the

number of activated HSCs

GSH is an important antioxidant molecule that acts as a modulator of redox
signaling, cell proliferation, apoptosis, immune responses and fibrogenesis[4344l.
Reduced levels of this molecule have been found in preclinical fibrosis models and in
human fibrotic diseases!*3l. A previous study has shown that higher GSH production
inhibits the fibrogenic activity of TGF-p143l. The present study also found an increase
in this molecule after CD11b* CD14* monocyte transplantation, suggesting an
association between the anti-fibrotic effects observed in the monocyte-treated group

and increased antioxidant activity of this cell population.

Alterations in the quantities of some molecules involved in fibrogenesis, as well

as fibrous tissue remodeling, were assayed in this study. The CD11b* CD14*
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monocyte therapy in mice with chronic liver damage caused an increase in MMP-9
hepatic levels. Previous studies have associated reduced liver fibrosis with fibrous
tissue degradationl3l. MMP-9 plays an important role in resolving liver fibrosis and
has been considered a potent therapeutic targetl'll. Yang et al.*5] suggest that, in the
hepatic microenvironment, macrophage subpopulations play an anti-fibrotic role, as
they express several MMPs, including MMP-9, which are directly involved in
degrading ECM, facilitating the resolution of hepatic fibrosis.

CD11b* CD14* monocyte transplantation gave rise to a reduction in hepatic
TIMP-1 and IL-13, two important pro-fibrogenic mediators. TIMPs are involved in
the regulation of fibrogenic response by inhibiting the enzymatic activity of MMPs,
having an anti-apoptotic effect on HSCsl’l. The presence of high quantities of these
inhibitors in chronically damaged hepatic tissue may contribute to the establishment
of liver fibrosisl®l. IL-13 is a cytokine associated with severe forms of schistosomal
liver fibrosis as well as non-schistosomiasis liver diseasesl#’l. IL-13 is considered one
of the central mediators in liver pathogenesis and is involved in TGF-1 production
by liver cells, besides inducing progenitor cells to transdifferentiate into
myofibroblasts, which produce collagen[*l. The data produced by the present study
corroborates the protective role of monocytes/macrophages in tissue repair

processes, by way of fibrogenic pathways.

Several studies have attempted to identify and to correlate different
macrophage profiles to tissue repair processesl??3% 4], Ramachandran et all?°! found
that Ly6Clow macrophages secrete large amounts of fibrolytic MMPs such as MMP-9
and MMP-13, as well as IL-10. Therefore the increase in secretion of MMP-9 and IL-
10 observed in this study suggests a downregulation of the activation pathways that

lead to the chronic inflammatory response.

In conclusion, the present study shows the important contribution of bone
marrow-derived monocyte/macrophage cell therapy to improving the state of liver
tibrosis in a murine model of chronic liver damage. These cells act to modulate

inflammation and fibrogenesis and regulate the oxidative stress caused by damaged



99

tissue. Further studies should be conducted to establish a promising therapeutic tool

for treating chronic liver diseases.
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COMMENTS
Background

Chronic liver disease is characterized by alterations in the process of tissue repair,
such as the excessive deposition of fibrous tissue and the inhibition of the dynamics
of regeneration. The knowledge on bone marrow cell therapy has opened new
perspectives towards treatment of hepatic diseases. However, the cell types are
involved in liver recovery has not been fully elucidated. Monocytes have emerged as
one set of potential candidates due to their plasticity and involvement in

inflammation and tissue repair.
Research frontiers

Previous experiments have already showed that bone marrow cells transplantation
promotes  improvement in  experimental model of liver fibrosis.
Monocyte/macrophage lineage may have important therapeutic potential in chronic

liver diseases.

Innovations and breakthroughs
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This is an innovative study that evaluated the effects of monocyte transplantation
isolated from bone marrow mononuclear cells, by morphological, biochemical and

immunological assays.

Applications

Experimental hepatic fibrosis improvement after cell therapy reinforces the potential
involvement of monocytes/macrophages in liver repair, being able to acquire pro-
resolute profile, acting in the regulation of some relevant inflammatory and

tibrogenic pathways.

Terminology

Bone marrow mononuclear cells (BMMCs) used to collectively denominate bone
marrow cells whose nuclei are unilobulated and which lack granules in the
cytoplasm. This cell population includes hematopoietic progenitor cells, lymphoid

cells (lymphocytes, plasma cells) and monocytes.

Peer-review

The authors addressed an interesting, clinically relevant and important issue aiming
to modify the state of chronic liver disease. To approach this goal the authors
purified bone-marrow derived CD11bhigh monocytes, which were transfused to
mice prior the administration of the provoking agents i.e. ethanol and CCl4. Using a
C57BL/6 mice model system they showed that the transfusion of monocytes was
more effective to decrease IL-13 levels in the liver as compared to the infusion of
bone marrow derived mononuclear cells (BMMCs). The authors also demonstrated
that monocyte transfusion could reduce the size of the fibrotic area, the amount of
hydroxyproline and the concentration of pro-inflammatory cytokines, while the
levels of IL-10 cytokine and the number of Kupffer cells in the liver were increased as
compared to saline transfusion. Due to the limited information of cell based therapies
in chronic inflammatory diseases, the identification of immunostimulatory and
regulatory pathways in a preclinical setting and in the context of liver metabolism is

of high importance.
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Figure 1: Representative FACS histograms of BMMCs and CD11b* monocytes

isolated by immunomagnetic separation.
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Figure 2. Schematic flowchart of experimental design. (A) Male C57BL/6 mice

underwent chronic administration of CCls and EtOH solutions for six months. (B)
BMMCs were harvested from C57BL/6 donor mice for CD11b* monocyte isolation
using immunomagnetic separation. (C) Chronically liver damaged mice underwent
cell therapy, and after two months the effects of the treatment were evaluated (D)
using morphometric, biochemical, immunohistochemistry and Sandwich ELISA

analysis.
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Figure 3. Photomicrographs of histological liver sections stained with picro-Sirius red

showing hepatic collagens in (A) control mice, mice after CCls administration and

treated with (B) saline, (C) BMMCs, and (D) BMMC-derived monocytes (picro-Sirius

red, 100X). (E) Morphometric evaluation of picro-Sirius Red-stained sections. (F)

Hydroxyproline in liver fragments of mice undergoing cell transplantation. (G)

Kupffer cell count in H&E-stained histological liver sections, in mice undergoing

CD11b* CD14* monocyte therapy and BMMC-treated mice (a =P < 0.05; b =P < 0.01;

c =P <0.001).
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Figure 4. Immunohistochemistry for detection of a-SMA* HSCs in histological
sections of (A) control mice, (B) saline-treated, (C) BMMCs-treated and (D) CD11b*
CD14* monocyte-treated groups (200x). (E) Measuring of a-SMA* HSCs two months
after treatment with CD11b* CD14* monocytes and BMMCs (a = P < 0.05; b = P <

0.01).



112

Control ] Saline )

{d
=
]

=
o
1

)
=
1

OPN (%)

Control ~ Saline BMMCs Monocytes

Figure 5. Immunohistochemistry for detection of OPN in histological sections from
(A) control mice, (B) saline-treated, (C) BMMCs-treated and (D) CD11b* CD14+*
monocyte-treated groups (200x). (E) Levels of hepatic OPN two months after
treatment with CD11b* CD14* monocytes (a = P < 0.05).
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Figure 6. Effects of monocyte therapy on cytokine profile (A) TNF-a, (B) IL-1pB, (C)
IL-6 and (D) IL-13, as measured by ELISA. Data are represented graphically as the
mean = SEM of five mice/group (a =P < 0.05;b =P < 0.01).
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Figure 7. Effects of monocyte-based therapy on chronically liver damaged mice: (A)

hepatic levels of TGF-p1; (B) splenic levels of TGF-f31; (C) hepatic levels of IL-17 and
(D) IL-23 (a=P < 0.05; b =P < 0.01).
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Figure 8. Effects of monocyte-based therapy on hepatic levels of (A) MPP-9, (B)
TIMP, (C) IL-10 and (D) GSH, in chronically liver damaged mice (a=P < 0.05;b=P <
0.01).
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Introduction

Liver diseases represent a serious public health problem in the world. Continuous
hepatic injury may result in alterations in liver repair processes, which culminate in
establishment of liver fibrosis (1,2). It is known that a variety of cell types and soluble
mediators are involved in the course of chronic liver injury, integrating inflammatory
processes, fibrosis and ECM remodeling (3). Hepatocellular necrosis resulting from tissue
injury promotes inflammation, followed by a healing response, mediated in liver by of hepatic
stellate cells (HSCs) activation, which orchestrate the excessive production of extracellular

matrix components (ECM) (4).

Liver fibrosis is a pathological condition present in most chronic liver diseases,
responsible for high morbidity and mortality rate (5). In this context, the development of
therapies for liver diseases is of great importance. Currently, liver transplantation has been the
only therapeutic strategy for patients with advanced liver diseases (6). However, it consists of
a high risk procedure with a limited number of donors (6). In view of these aspects, it is

important to develop new therapeutic strategies for chronic liver disease.

In the search for biological substitutes that maintain, improve or restore functions of
organs and tissues of human body, cell therapy has been shown to be an attractive option for
chronic liver diseases treatment (7). Investigations about the therapeutic potential of some cell
populations indicate that bone marrow cells (BMC) may contribute to tissue repair process.
Preclinical studies has been shown that BMCs are capable of differentiating into cells similar
to hepatocytes (8). In addition, BMC transplantation was able to reduce mortality (9,10) and

decrease liver fibrosis levels in murine models of liver injury (11, 12).

Recent studies have highlighted that monocyte/macrophage lineage cells present in

bone marrow may present a relevant therapeutic potential for liver disease due to its plasticity
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and its known participation in several processes, since inflammation and fibrogenesis to the
resolution of fibrosis (13). Recent research has been investigated the behavior of
monocytes/macrophages against chronic-degenerative diseases, in different preclinical
models, as well as in studies with patients. Therefore, the results obtained allow consider

these cells as potential therapeutic tools for the treatment of chronic liver diseases (14).

Involvement of macrophages in several biological and pathological processes has been
the subject of study of many research groups in recent years. This functional plasticity of
macrophages is directed by immunological microenvironment, and can be activated by
different pathways (15). Intensive studies with liver injury experimental models and liver
disease patients have sought to elucidate and establish dichotomies that describe the complex

heterogeneity of monocyte and macrophago subsets in the liver (16).

In response to various signals, macrophages may undergo polarization by the M1
classical pathway or M2 alternatively pathway. The M1 phenotype is characterized by high
expression of proinflammatory mediators (TNF-a, IL-1pB, IL-12 and IL-23), with strong
microbicidal and tumoricidal activity; The M2 or immunoregulatory phenotype is involved in
tissue remodeling, response to parasitic infections and allergies, through secretion of immuno-
modulatory factors (17,18). More recently, in vitro studies have designated M2 macrophages

in subgroups, associated with immune regulation, tolerance and tissue repair (19).

Understanding the different macrophages phenotypes may contribute to the
development of new therapeutic approaches for various diseases, including liver diseases.
Some studies have shown that macrophage populations may play a protective role (14),
actively participating in hepatic repair, by expressing MMPs (20) and inducing HSCs
apoptosis (21). Studies on monocyte/macrophage therapy have been highlighting various

chronic-inflammatory diseases, which leads to the need for new approaches on the real
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therapeutic potential of this cell population, mainly for the treatment of diseases which the

existing therapeutic options are ineffective.

Materials and methods

Animals. Sixty male C57BL/6 mice weighing 20-23 g were used in this study. Mice were
Purchased from the Animal Breeding Center Laboratory (CECAL) Fundagdo Oswaldo Cruz
(FIOCRUZ, Rio de Janeiro, Rio de Janeiro, Brazil), and housed in the animal research facility
in the Aggeu Magalhdes Research Center (CPgAM), (FIOCRUZ, Recife, Pernambuco,
Brazil). They were acclimatized in a 12 h light/dark cycle. Animal had a free access to food
and water. Animal care and the experiments were conducted in accordance with the approval

of Ethics Committee for the Certified Use of Animals (CEUA-CPgAM 15/2011).

Experimental model of chronic schistosomiasis. Mice were submitted to infection by S.
mansoni, subcutaneously, with 40 cercariae (LE strain). After 45 days, parasitological
examination of feces was performed to confirm the infection. A period of 16 weeks was

necessary for the establishment of the chronic phase of the schistosomiasis infection.

Chemotherapy. Before the cell therapy, infected animals were submitted to the
chemotherapeutic treatment with Praziquantel, for elimination of adult worms.
Administration was performed in a single dose orally at a concentration of 400 mg / kg body

weight.

Isolation and characterization of bone marrow-derived monocytes: Bone marrow of femurs
and tibia of donors C57BL/6 mice was extracted and used to obtain bone marrow
mononuclear cells (BMMCs) by Ficoll gradient centrifugation (Histopaque 1119 and 1077 ,
Sigma Aldrich, St Louis, MO, USA) at 1000 g for 15 minutes. BMMCs were incubated with
anti-CD11b antibodies conjugated to magnetic beads for monocyte isolation through

immunomagnetic separation system as previously described (22). At the end of the procedure,
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about 106 cells / mL were recovered. The monocytes obtained by immunomagnetic separation
were characterized phenotypically following the previously described methodology (22),

presenting as a homogeneous Cd11b CD14" monocytes population.

Experimental design. After the establishment of chronic schistosomiasis model, liver fibrotic
mice were randomly distributed into following groups with five mice in each group: Group I:
Untreated animals, wich received saline; Group II: Animals BMMC-treated; Group IlI:
Animals monocyte-treated. A group of healthy animals also added to study (Group IV-

control).

Cell infusion. Mice were injected with three doses of 10° BMMCs or monocytes per animal,
suspended in 200 uL sterile saline, into intravenously. The procedure was performed once a
week for three consecutive weeks. Two months after cell therapy, animals were submitted to

euthanasia for liver collection.

Morphometry. Specimens of the liver tissues were fixed in 10% formalin and embedded in
paraffin wax. Sections (5-um tick) were stained by Sirius-red and Fast green for collagen
study. Images of histological sections stained in Red Sirius were obtained by light microscope
(DM LB 2, Leica Microsystems) equipped with a LEICA JVC TK digital camera (model C
1380, Pine Brook, NJ, USA) analyzed using the Image Analysis Processing System LEICA
QWIN, version 2.6 MC (Leica, Cambridge, UK). Ten microscopic fields (100X
magnification) containing fibrous tissue areas were selected for quantification. From the
histological sections stained in Sirius-red, some parameters of hepatic granuloma evaluation
were also calculated: numerical density (number of granulomas/unit volume) and granuloma

volume. Analyzes were done under an optical microscope (DM LB 2, Leica Microsystems).

Hydroxyproline Mensuration. Liver samples (weighing 100-200 mg) were used to determine

the hydroxyproline constituent of collagen. Samples were processed and analyzed according
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to methodology previously described (23), read in automatic spectrophotometer (Pharmacia,
model Ultrospec 3000), at 558 nm, to obtain the hydroxyproline values of each sample

(nmol/g tissue).

Immunological assays. For cytokine and growth factors quantification in frozen livers were
processed for obtation soluble proteins following a previously described protocol (22).
Supernatants were used to quantifie TNF-a, IL-6, IL-1p (BD OptEIA set mouse, San Diego,
CA, USA), IL-13, IL-17, IL-23, MMP-9, TIMP-1 (R & D Systems, Minneapolis, MN, USA),
TGF-B1 and IL-10 (e-Bioscience, San Diego, CA, USA) levels. Samples were read at a 450

nm wavelength using a microplate reader (model 3550, Thermo Scientific).

Gene expression evaluation. Total RNA was extracted and purified from liver tissue using
Trizol (Invitrogen). Complementary DNA was synthesized from total RNA by reverse
transcription (RT) using GoScript Transcription System (Promega). Sequences of primers are
listed in Table 1. Expression of mMRNA was assessed by gPCR using SYBR® Green PCR
Master Mix (Applied Biosystems) ABI PRISM 7500 sequence detector (Applied Biosystems,
CA, USA). gPCR was performed for the following targets: CCI5, IL-12B, CCR2 / Ly6C,
Arginase 1, chitinase-3-like protein 3 (YM-1) Mannose 1 receptor-type C (CD206), Fizz1
(alpha 1 molecule Similar to resistin), a-SMA, TGF-B1 and Gal-3. Quantification was
performed using the comparative AACT method method by Applied Biosystems RQ

Software, normalized with the reference gene, p-actin.

Statistical Analysis. Data were expressed as mean values (mean + ED). Values were
submitted to Kruskal-Wallis non-parametric test, with Dunn post hoc. Statistical analyzes
were performed using Graphpad Prism program (version 5.0, San Diego, CA, USA). The P

value <0.05 was considered statistically significant.
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Results

Assessment of liver fibrosis. In a murine model of schistosomiasis, liver fibrosis quantification
levels by morphometric analysis showed that seven days after cell therapy, there was no
difference in percentage of fibrosis among the experimental groups. However, two months
after therapy, monocyte-treated group had decreased levels of liver fibrosis compared to
untreated animals (Figures 1B, 1D and 1E). Biochemical quantification of hydroxyproline in
liver tissue showed significant differences between the monocyte-treated group and the saline-
treated group, in the two evaluated times (Figure 1F). Numerical density of hepatic
granulomas measurement did not present significant differences between the groups evaluated
(Figure 2A). However, granuloma volume morphometry showed a significant reduction seven

days and two months after monocyte transplantation (Figure 2B).

Immunological analyzes. Quantification of inflammatory mediators in chronic model of
schistosomiasis showed that TNF-o concentration was significantly decreased, two months
after cell therapy (Figure 3A). Hepatic levels of IL-1p and IL-6 were significantly reduced in
monocyte-treated group, as well as in animals submitted to CMMO transplantation, in both
evaluated times (Figures 3B and 3C). Changes in hepatic levels of pro-fibrogenic mediators
following monocyte cell therapy. Significant reduction in TGF-B1 levels was observed in the
two time points evaluated (Figure 4A), while the hepatic reduction in IL-13 levels occurred in
the animals evaluated seven days after cell therapy (Figure 4B). The study also demonstrated
significant reduction liver IL-17 levels seven days after infusion of monocytes (Figure 4C),

and cytokine I1L-23, in the two times studied (Figure 4D).

The present study also evidenced the significant increase in MMP-9 levels after cell
transplantation (Figure 5A). Consistent with these results, significant reduction in hepatic

TIMP-1 concentration was also observed (Figure 5B). Monocyte-treated animal also
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demonstrated significant increase in IL-10 levels compared to saline-treated animals two

months after therapy (Figure 5C).

Gene expression evaluation. The present study identified, by RTqPCR, significant reduction
in expression of the marker of HSCs, a-SMA, two months after cell transplantation (Figure
6A). TGF-B1 and gal-3 expression were significantly decreased in liver of animals submitted
to cell transplantation, in two evaluated times (Figures 6B and 6C). Monocyte therapy
induced reduction in liver expression of markers associated with activation M1macrophages
profile CCL5 (Figure 7A), IL-12p (Figure 7B) and CCR2 / Ly-6C (Figure 7C), seven days
and Two months after cell therapy. Interestingly, the molecular study also showed a
significant reduction in expression of markers M2 profile Arg-1 (Figure 8A), YM-1 (Figure
8B) and CD206 (Figure 8C). However, the Fizz1 marker was shown to be significantly

increased after cell transplantation (Figure 8D).

Discussion

Our research has reinforced the use of monocyte therapy as promising therapeutic
modality for chronic liver diseases, and has already been reported in previous studies
developed by our group (22). Monocyte/macrophage cell lineage have been an interesting
object of investigation in recent years, taking into account their role in inflammation and
tissue repair (24). Inflammatory macrophages, which promote inflammation and liver fibrosis,
are activated by use of TLR, with release of inflammatory (TNF, IL-1B) , pro-fibrogenic
cytokines (TGF-B) and chemokines (MCP-1, CCLJ5); and restorative macrophages involved in
resolution of inflammation (anti-inflammatory cytokines) and liver fibrosis (MMP-9), with

low expression of 6C lymphocyte antigen surface molecule (Ly6C) in mice (25).

It can be considered that, in relation to chronic liver diseases, the removal of

aggressive stimulus associated with anti-fibrotic therapy can promote promising results.
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Monocyte therapy isolated from bone marrow associated with Praziquantel chemotherapy was
shown to be promising for liver fibrosis induced in mice by chronic S. mansoni infection.
These findings corroborate results obtained previously (22) where it was verified indicative of
improvement in several parameters observed in present study, after monocyte therapy, in liver
fibrosis model CCly-induced. In addition, this study aimed to identify predominance of
possible macrophages subtypes after bone marrow monocyte therapy, by evaluation of

specific markers.

Morphometric study of fibrous tissue as well as volume of liver granulomas showed
that cell therapy proposed here was capable of producing anti-fibrogenic effects in murine
model of chronic schistosomiasis. Reduction of liver fibrosis levels corroborates the results
obtained in liver mensurament of pro-fibrotic (TIMP-1, IL-13, TGF-beta) and anti-fibrotic
factors (MMP-9). In our investigation, decrease in activated HSCs after monocyte
transplantation was identified by reduction of a-SMA liver expression, evaluated by RT-
gPCR, suggesting that macrophages may contribute to decrease fibrogenic activity attributed
to HSCs. Previous work has associated BMCs transplantation with reduction of liver fibrosis

and decrease in number of activated HSCs, positive for a-SMA (12).

Decrease in TNF-a, IL-1B and IL-6 cytokines was observed in liver protein extracts
from monocyte transplant recipients. Several inflammatory cytokines collaborate to establish
liver fibrosis pathogenesis by promoting myofibroblast differentiation (26). TNF-a and IL-1p
are important mediators of fibrosis: TNF-a plays a critical role in liver fibrosis murine model
induced by CCl4 (26); IL-1p is a potent inflammatory mediator that promotes the activation
of myofibroblasts through TGF-B-dependent mechanisms (27). Both cytokines also induce the
production of IL-6, which exhibits autocrine activity in fibroblasts, and is involved in the

induction of hepatic fibrosis induced by CCl, (26).
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Our study evidenced increase in IL-10 cytokine production after monocyte therapy.
This anti-inflammatory cytokine plays a central role in regulating immune response,
attenuating inflammation and thus, preventing host lesions, and has been strongly associated
with M2reg profile (13,28). In liver, it has a protective function during establishment of
chronic injury (29). In addition, it has been reported as a cytokine that supress the pro-
fibrogenic activity of HSCs (30), and has been shown to inhibit collagen production and TGF-
B secretion (29). These results corroborate the description by Ju & Tacke (16), which suggests
the participation of restorative macrophages in modulating the inflammatory and fibrogenic

response.

Immunological and molecular assays have shown that monocyte treatment promoted
anti-fibrogenic effects by significantly reducing liver TGF-B1 in Schistosomiasis murine
model. These data complement the data obtained by morphometric and biochemical analyzes
of liver fibrosis, since TGF-B1 is characterized as one of the main pro-fibrogenic mediators in
chronic liver injury, acting on phenotypic conversion of HSCs to an active and highly active
state. (31), as well as contribute to downstream between synthesis and degradation of healing
tissue (32). Previous studies in cell therapy have reported hepatic improvement associated

with decreased TGF-f levels (11,33).

Our research also identified that monocyte therapy was also able to interfere in IL-13
production. Considered a potent pro-fibrotic Th2 cytokine, it has been extensively reported in
schistosomiasis murine model, directly associated with granuloma formation and subsequent
development of liver fibrosis (39). Anti-fibrosing therapies that act on your block may prevent

liver fibrogenesis processes.

IL-17 and IL-23 had their levels reduced following monocyte therapy. Previous work

has associated high IL-17 production to the immunomodulation processes of liver granuloma,
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characteristic of pathogenesis of mansonic schistosomiasis (34), as well as HSCs activation
(35). Our findings corroborate previous studies that identified IL-23 as an important
proinflammatory cytokine inducing the Th17 fibrogenic response (26,36); in addition to its

known Participation in the response produced by inflammatory macrophages M1 (18).

Interestingly, increase in fibrolytic enzyme MMP-9 levels were observed in this study.
This result indicates, once again, anti-fibrogenic role that monocyte infusion can exert against
liver fibrosis, as reported in previous studies (22; 37). A study conducted by Ramachandran et
al. (25) identified that a population of Ly6C'®" macrophages have an anti-fibrotic role in liver,
since they secrete MMPs. Research proposes increasing production and fibrolytic activity of

MMPs should be considered for development of anti-fibrogenic therapeutic approaches (38).

The present investigation also showed that monocyte therapy promoted significant
reduction in Gal-3 gene expression. Galectin-3 consists of pleiotropic protein, which plays an
important role in cell proliferation, adhesion, differentiation, angiogenesis and apoptosis, and
more recently has been associated with pathogenesis of hepatic fibrosis (39). During helminth
infection by S. mansoni, Gal-3 is directly involved in modulation of inflammatory response
(40). Although gal-3 is known to participate in HSC activation, it is still unclear whether
observed effects are related to a direct action of Gal-3 on HSC, or whether there is a side
effect responsible for change in liver cytokines that promote the liver fibrosis establishment
(41). Pre-clinical studies have reported that the use of Gal-3 inhibitors promotes resolution of
liver fibrosis in different experimental models (19,42). Oliveira et al. (11) demonstrated that
BMCs therapy was able to promote reduction of liver fibrosis associated with decreased liver
expression of Gal-3 in murine model of cirrhosis induced by CCl4. Based on these findings it

can be said that monocyte therapy acted once again in an important fibrogenic pathway.
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Several investigations have sought to identify and correlate distinct functional
macrophages subgroups in tissue repair processes (21, 30,43). In the present study, molecular
markers associated with M1 and M2 macrophages profiles were evaluated after monocyte
therapy in parasite model of chronic liver injury. In our findings, a significant reduction in
CCI5 and IL-12B expression, markers associated with the classic profile macrophages
activation (M1), was observed. These results corroborate findings of immunological analyzes,
where significant reductions in inflammatory mediators levels associated to M1 profile were
observed after monocyte transplantation. Wynn and Ramalingam (44) describe that M1
macrophages are associated with proinflammatory functions, which promote initiation of pro-

fibrotic processes through the activation of myofibroblasts.

The molecular study also indicated that cell transplantation promoted the reduction of
Arg-1, YM-1 and CD206 markers, associated to M2 profile, more specifically to the M2a or
M2 fibrogenic profile (37,45). Arginase-1 (arg-1) is considered a marker prototype of M2
macrophages, and it is an enzyme that uses the amino acid L-arginine as the substrate for the
production of L-ornithine. This serves as a raw material for collagen biosynthesis, and
therefore, several studies have suggested that arg-1 is involved in fibrogenesis processes (46),
and that M2a arg-1 + macrophages are directly associated with Fibrosis (47). In
schistosomiasis, a large number of arg-1+ macrophages are located around liver granulomas
(48). Ym1, is a lectin widely considered a M2 macrophages marker in mice, and its
expression is highly regulated by IL-4, IL-13 and TGF-3 (49); CD206 is a well known marker
for both mouse M2 macrophages and human M2 macrophages (37). Beljaars et al. (50)

associated high CD206 and YM-1 expression to the areas of hepatic fibrosis induced by CCl4.

Interestingly, evaluation of expression levels in a murine model of chronic
schistosomiasis showed a significant increase in Fizzl gene expression after monocyte

therapy. The role of Fizz1 in Th2 immune response as well as in fibrogenesis is not yet fully
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elucidated. There is no consensus regarding the relationship of this marker to an M2
macrophage subtype. Some publications associate the high expression of Fizz1l to pro-
fibrogenic M2 macrophages (51). Murthy et al. (52) reported that macrophages with pro-

fibrotic phenotype, positive for arg-1, had reduced expression levels of Fizz1.

The present study also showed significant reduction in liver expression of CCR2 after
monocyte transplantation. The CCR2 chemokine receptor is involved in recruitment of
monocytes to lesion areas, and is highly expressed in Ly6C™ monocytes / macrophages,
induced during fibrosis progression (53). A study conducted by Mitchell et al (53)
demonstrated that mice CCR2 knockout had significantly lower levels of CCl4-induced liver
fibrosis compared to wild-type animals. This decrease in liver fibrosis was accompanied by
reduction in number of CD11lb+ F4/80+ cell populations. Recently, a new subtype of
macrophage has been identified, which has been considered a critical element for the
resolution of liver fibrosis. Ramachandran and colleagues (25) found in their investigations
that Ly6C'™ macrophages secrete large amounts of fibrolytic MMPs, such as MMP-9 and
MMP-13, as well as IL-10. Increase in MMP-9 and IL-10 levels were also observed in our
study, suggesting that monocyte therapy influenced the regulation of activation pathways of

macrophages involved in chronic inflammatory response.

Based on results obtained in present study, we can infer that monocyte therapy in
murine models of chronic liver injury seems to contribute to regression of liver fibrosis, by
combination of mechanisms, which involves ECM remodeling constituent of fibrous tissue by
MMPs expression, suppression of pro-fibrogenic liver microenvironment and induction of

inhibition of activated HSCs.



129

References

1- KUMAR, A., OATI, N.T., SARIN, S.K. use of stem cells for liver disease — Current scenario. J.
Clin. Exp. Hepatol., v. 1, p.17-26, 2011.

2- NOVO, E., et al. Cellular and molecular mechanisms in liver fibrogenesis. Arch Biochem Biophys,
v. 15, n.548, p. 20-37, 2014.

3- ZHANG, Y.C,, et al. Liver fibrosis and hepatic stellate cells: Etiology, pathological hallmarks and
therapeutic targets. World J. Gastroenterol, v.22, n.48, p.10512-10522, 2016.

4- PELLICORO, A, et al. Liver fibrosis and repair: Immune regulation of wound healing in a solid
organ. Nat Rev Immunol, v.14, p.181-194, 2014.

5- LEE, Y.A., WALLACE, M.C.; FRIEDMAN, S.L. Pathobiology of liver fibrosis: A translacional
success story. Gut, v.64, p.630-641, 2015.

6- MOTAWI, T.M.K,, et al. The therapeutic effects of bone marrow-derived mesenchymal stem cells
and simvastatin in a rat model of liver fibrosis. Cell Biochem Biophys, p.68, p. 111, 125, 2014.

7- VOSOUGH, M., et al. Cell-based therapeutics for liver disorders. Br Med Bull, v.100, p.157-72,
2011.

8- CHEN, Y.; et al. In vitro differentiation of mouse bone marrow stromal stem cells into hepatocytes
induced by conditioned culture medium of hepatocytes. J. Cell Biochem., v.102, p.52-63, 2007.

9- DE FREITAS SOUZA, B.S., et al. Transplantation of bone marrow cells decreases tumor necrosis
factor-a production and blood-brain barrier permeability and improves survival in a mouse model of
acetaminophen-induced acute liver disease. Cytotherapy, v.14, n.8, p.1011-1021, 2012.

10- SHIZHU, J., et al. Bone marrow mononuclear cell transplant therapy in mice with CCl4-induced
acute liver failure. Turk J Gastroenterol., v.23, n.4, p.344-352, 2012.

11- OLIVEIRA et al., 2012

12- TANIMOTO, H.; et al. Improvement of liver fibrosis by infusion of cultured cells derived from
human bone marrow. Cell Tissue Res., v. 354, p. 717-728, 2013.

13- LICHTNEKERT, J., et al. Changes in macrophage phenotype as the immune response evolves.
Curr Opin Pharmacol, v.13, n.4, p.555-564, 2013.

14- WYNN, T.A.; BARRON, L. Macrophages: master regulators of inflammation and fibrosis. Semin
Liver Dis, v.30, n.3, p.245-257, 2010.

15- MORI, Y.; et al. Participation of functionally different macrophage populations and monocyte
chemoacttractant protein-1 in early stages of thioacetamide-induced rat hepatic injury. Toxicol.
Pathol., v.37, p. 463-473, 2009.

16- JU, C., TACKE, F. Hepatic macrophages in homeostasis and liver diseases: From pathogenesis to
novel therapeutic strategies. Cell Mol Immunol, v.13, n.3, p.316-327, 2016.

17- GORDON, S.; MARTINEZ, F.O. Alternative activation of macrophages: mechanism and
functions. Immunity, v. 32, n. 5, p. 593-604, 2010.


http://www.ncbi.nlm.nih.gov/pubmed?term=Novo%20E%5BAuthor%5D&cauthor=true&cauthor_uid=24631571
http://www.ncbi.nlm.nih.gov/pubmed/24631571
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ju%20C%5BAuthor%5D&cauthor=true&cauthor_uid=26908374
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tacke%20F%5BAuthor%5D&cauthor=true&cauthor_uid=26908374

130

18- BRAGA, T.T.; AGUDELO, J.S.H.; CAMARA, N.O.S. Macrophages during the fibrotic process:
M2 as friend and foe. Front Immunol, v.6, n.602, 2015.

19- TRABER, P.G.; ZOMER, E. Therapy of Experimental NASH and Fibrosis with Galectin
Inhibitors. Plos One, v.8, p., 2013.

20- PELLICORO, A.; et al. Elastin accumulation is regulated at the level of degradation by
macrophage metalloelastase (MMP-12) during experimental liver fibrosis. Hepatology, v.55, p.1965—
1975, 2012.

21- RAMACHANDRAN, P.; IREDALE, J.P. Macrophages: central regulators of hepatic fibrogenesis
and fibrosis resolution. J. Hepatol., v. 56, p. 1417-1419, 2012.

22 — SOUZA, V.C.A,, et al. Bone Marrow-derived Monocyte Infusion Improves Hepatic Fibrosis by
decreasing Osteopontin, TGF-B1, Interleukin-13 and Oxidative Stress.

23- BERGMAN, I.; LOXLEY, R. Two improved and simplified methods for the spectrophometric
determination of hydroxyproline. Ann. Chem. v.35, p. 1961-1965, 1963.

24- MAHBUB, S., DEBURGHGRAEVE, C.R., KOVACS, E.J. Advanced age impairs macrophage
polarization. J Interferon Cytokine Res, v.32, n.1, p.18-26, 2012.

25- RAMACHANDRAN, P., et al. Differential Ly-6C expression identifies the recruited macrophage
phenotype, wich orchestrates the regression of murine liver fibrosis. Proc Natl Acad Sci USA,v.109,
n. 46, p.E3186, 2012.

26- DUFFIELD, J.S., et al. Host Responses in Tissue Repair and Fibrosis. Annu Rev Pathol Mech
Dis, v.8, p.241-276, 2013.

27- FAN, J.M., et al. Interleukin-1 induces tubular epithelial-myofibroblast transdifferentiation
through a transforming growth factor f1-dependent mechanism in vitro. Am J Kidney Dis, v.37,
p.820-831, 2001.

28- YAO, L., et al. Association between interleukin-10 gene promoter polymorphisms and
susceptibility to liver cirrhosis. Int J Clin Exp Pathol, v.8, n.9, p.11680-11684, 2015.

29- HAMMERICH, L.; TACKE, F. Interleukins in chronic liver disease: lessons learned from
experimental mouse models. Clin and Exp Gastroenterol, v.7, p. 297, 306, 2014.30- SUH, Y.G., et
al. CD11b(+) Grl(+) Bone marrow cells ameliorate liver fibrosis by producing interleukin-10 in mice.
Hepatology, v.56, n.5, p.1902-1912, 2012.

31- JIANG, J.X.; TOROK, N.J. Liver injury and the activation of the hepatic myofibroblasts. Curr
Pathobiol Rep, v.1, n.3, p.215-223, 2013.

32- ZHOU, W.; ZHANG, Q.; QIAO, L. Pathogenesis of liver cirrhosis. World J. Gastroenterol, v.
20, n.23, p. 7312-7324, 2014.

33- OLIVEIRA, S.A;; et al. Therapy with bone marrow cells reduces liver alterations in mice
chronically infected by Schistosoma mansoni infection. World J Gastroenterol., v. 14, p. 5842-5850,
2008.

34- RUTITZKY, L.L.; STADECKER, M.J. Exarcebated egg-induced immunopatology in murine
Schistosoma mansoni infection is primarily mediated by IL-17 and restrained by IFN-gamma. Eur J
Immunol, v.41, p.2677-2687, 2011.


http://www.ncbi.nlm.nih.gov/pubmed/?term=Deburghgraeve%20CR%5BAuthor%5D&cauthor=true&cauthor_uid=22175541
http://www.ncbi.nlm.nih.gov/pubmed/?term=Deburghgraeve%20CR%5BAuthor%5D&cauthor=true&cauthor_uid=22175541
http://www.ncbi.nlm.nih.gov/pubmed/22175541
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yao%20L%5BAuthor%5D&cauthor=true&cauthor_uid=26617910
http://www.ncbi.nlm.nih.gov/pubmed/26617910

131

35- WANG, L.; CHEN, S.; XU, K. IL-17 expression is correlated with hepatitis B related liver
diseases and fibrosis. Int J Mol Med, v.27, p.385-392, 2011.

36- LARKIN et al., 2012. Induction and regulation of pathogenic Thl7 cell responses in
schistosomiasis. Semin Immunopathol, v.34, p.873-888, 2012.

37- YANG, L.; et al. Vascular endothelial growth factor promotes resolution and repair in mice.
Gastroenterology, v.146, p. 1339-1350, 2014.

38- PHAM VAN, T.; et al. Expression of matrix metalloproteinase-2 and -9 and of tissue inhibitor of
matrix metalloproteinase-1 in liver regeneration from oval cells in rat. Matrix Biol., v.27, p.674-681,
2008.

39- LI, L.C.; LI, J.; GAO, J. Functions of galectin-3 and its role in fibrotic diseases. J Pharmacol
Exp Ther, v. 351, n.2, p. 336-343, 2014.

40- BREUILH, I., et al. Galectin-3 Modulates Immune and Inflammatory Responses during
Helminthic Infection: Impact of Galectin-3 Deficiency on the Functions of Dendritic Cells. Infect
Immun, v.75, n.11, p.5148-5157, 2007.

41- JIANG, J.X., et al. Galectin-3 modulates phagocytosis-induced stellate cell activation and liver
fibrosis in vivo. Am J Physiol Gastrointest Liver Physiol, v. 302, p.439-446, 2012.

42- TRABER, P.G.; et al. Regression of fibrosis and reversal of cirrhosis in rats by galectin inhibitors
in thioacetamideinduced liver disease. PLos One, v. 8, p., 2013

43- TACKE, F.; ZIMMERMANN, H.W. Macrophage heterogeneity in liver injury and fibrosis. J
Hepatol, v. 60, p.1090-1096, 2014.

44- WYNN, T.A.; RAMALINGAM, T.R. Mechanisms of fibrosis: therapeutic translation for fibrotic
disease. Nat Med, v.18, p.1028-1040, 2012.

45- LECH, M.; ANDERS, H.J. Macrophages and fibrosis: How resident and infiltrating mononuclear
phagocytes orchestrate all phases of tissue injury and repair. Biochimica et Biophysica Acta, v.1832,
p. 989-997, 2013.

46- MUNDER, M. Arginase: an emerging key player in the mammalian immune system. Brit J
Pharmacol, v. 158, n. 3, p. 638-651, 2009.

47. WANG, Y., et al. Increases of M2a macrophages and fibrosis in aging muscle are influenced by
bone marrow aging and negatively regulated by muscle-derived nitric oxide. Aging Cell, v. 14, p.
678-688, 2015.

48- PESCE, J.T., et al.The IL-21 receptor augments Th2 effector function and alternative macrophage
activation. J Clin Invest, v.116, p.2044-2055, 2006.

49- ROSZER, T. Understanding the Mysterious M2 Macrophage through Activation Markers and
Effector Mechanisms. Mediators Inflamm, 2015.

50- BELJAARS, L., et al. Hepatic localization of macrophage phenotypes during fibrogenesis and
resolution of fibrosis in mice and humans. Front Immunol, v.5, n.430, 2014.

51- WILSON, M.S.; et al. Immunopathology of schistosomiasis. Immunol Cell Biol., v. 85, p. 148-
154, 2007.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Li+et+al.%2C+2014-Functions+of+Galectin-3+and+Its+Role+in+Fibrotic+Diseases
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li+et+al.%2C+2014-Functions+of+Galectin-3+and+Its+Role+in+Fibrotic+Diseases
https://www.ncbi.nlm.nih.gov/pubmed/17785480
https://www.ncbi.nlm.nih.gov/pubmed/17785480
https://www.ncbi.nlm.nih.gov/pubmed/?term=Understanding+the+Mysterious+M2+Macrophage+through+Activation+Markers+and+Effector+Mechanisms

132

52- MURTHY, S., et al. Alternative activation of macrophages and pulmonary fibrosis are modulated
by scavenger receptor, macrophage receptor with collagenous structure. The FASEB Journal, V.29,
N.8, p.3527-3536, 2017.

53- MITCHELL, C., et al. Dual Role of CCR2 in the Constitution and the Resolution of Liver Fibrosis
in Mice. Am J Pathol, v.174, n.5, p.1766-1775, 20009.

Author contributions

Souza VCA performed the majority of experiments, analyzed the data and wrote the paper;
Moura DMN, Bozza PT and Costa LAP performed the molecular and immunologic investigations;
Castro MCAB performed the cellular isolation and characterization and immunologic assays;
Figueiredo RCBQ and Araujo RE performed the morphologic and morphometric

investigations; Oliveira SA designed and coordinated the research.

Acknowledgments

The authors would like to thank animal facility of the Oswaldo Cruz Foundation (Rio
de Janeiro, Brazil) and Aggeu Magalhdes Research Center, Oswaldo Cruz Foundation, in
Recife, Brazil. This study was supported by the Oswaldo Cruz Foundation (FIOCRUZ), the
Pernambuco Science and Technology Support Foundation (FACEPE), the National Council
for Technological and Scientific Development (CNPq) and the National Council for the

Improvement of Higher Education (CAPES).

Figure legends

Figure 1. Photomicrographs of histological sections of liver stained with picro-Sirius, showing liver fibrous
tissue in animals of (A) control (B) vehicle, (C) CMMO and (D) monocytes groups, (100X), two Months after

cell transplantation. (E) Quantification of fibrous tissue by Morphometry in parasitic model of chronic liver
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injury, seven days and two months after therapy. (F) Hydroxyproline Quantification levels in parasite model of

chronic liver injury, seven days and two months post-therapy (a = P <0.05; b = P <0.01).

Figure 2. (A) Numerical density measurement of liver granulomas by Morphometry in chronic liver injury
model, seven days and two months after cell therapy. (B) Measurement of hepatic granuloma volume in chronic

liver injury model, seven days and two months post-cell therapy (a = P <0.05; b = P <0.01).

Figure 3. Effects of cellular therapy on liver profile of proinflammatory cytokines (A) TNF-a, (B) IL-6 and (C)
IL-1B, in chronic model of schistosomiasis, measured by sandwich ELISA. (A = P <0.05, b =P <0.0l,c =P
<0.001).

Figure 4. Effects of cell therapy in mediators (A) TGF-B1, (B) IL-13, (C) IL-17 and (D) IL-23 in chronic model
of schistosomiasis, measured by ELISA sandwich . (A =P <0.05, b = P0.01).

Figure 5. Effects of cellular therapy on liver profile of (A) MMP-9, (B) TIMP-1 and (C) IL-10, in chronic model
of schistosomiasis, measured by sandwich ELISA. (A = P <0.05, b =P <0.01).

Figure 6. Effects of cell therapy on liver expression levels of (A) a-SMA, (B) TGF-B1 and (C) Galectin-3, in
chronic model of schistosomiasis, seven days and two months after cell therapy. The targets were quantified by
gPCR (a =P <0.05; b =P <0.01).

Figure 7. Effects of cell therapy on liver expression levels of macrophages markers M1 (A) CCL5, (B) IL-12
and (C) CCR2. (A =P <0.05; ¢ = P <0.001).

Figure 8. Effects of cell therapy on liver expression levels of M2 macrophages markers in chronic
schistosomiasis model: (A) Arginase-1, (B) YM-1, (C) CD206 and (D) Fizzl. The targets were quantified by
gPCR (a =P <0.05; b =P <0.01; ¢ = P <0.001).
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APENDICE C - Low transformation growth factor-B1 production and collagen synthesis
correlate with the lack of hepatic periportal fibrosis development in undernourished mice

infected with Schistosoma mansoni
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Low transformation growth factor-B1 production and collagen synthesis
correlate with the lack of hepatic periportal fibrosis development in
undernourished mice infected with Schistosoma mansoni

Andreia Ferreira Barros', Sheilla Andrade Oliveira'/*, Camila Lima Carvalho',
Fabiana Leticia Silva?, Veruska Cintia Alexandrino de Souza', Anekecia Lauro da Silva',
Roni Evencio de Araujo', Bruno Solano F Souza**, Milena Botelho Pereira Soares**,
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Undernourished mice infected (Ul) submitted to low and long-lasting infections by Schistosoma mansoni are
unable to develop the hepatic periportal fibrosis that is equivalent to Symmers’ fibrosis in humans. In this report,
the effects of the host’s nutritional status on parasite (worm load, egg viability and maturation) and host (growth
curves, biology, collagen synthesis and characteristics of the immunological response) were studied and these are
considered as interdependent factors influencing the amount and distribution of fibrous tissue in hepatic periovular
granulomas and portal spaces. The nutritional status of the host influenced the low body weight and low parasite
burden detected in Ul mice as well as the number, viability and maturation of released eggs. The reduced oviposition
and increased number of degenerated or dead eggs were associated with low protein synthesis detected in deficient
hosts, which likely induced the observed decrease in transformation growth factor (TGF)-p1 and liver collagen.
Despite the reduced number of mature eggs in Ul mice, the activation of TGF-p1 and hepatic stellate cells occurred
regardless of the unviability of most miracidia, due to stimulation by fibrogenic proteins and eggshell glycoproteins.
However, changes in the repair mechanisms influenced by the nutritional status in deficient animals may account
for the decreased liver collagen detected in the present study.

Key words: Schistosomiasis mansoni - undernutrition - liver fibrosis - cytokines

Mice that were experimentally infected by Schisto-
soma mansoni can develop two distinct and sometimes
mixed histopathological patterns during the chronic
stage of schistosomiasis: scattered small periovular gran-
ulomas with mild nonspecific reactive hepatitis and/or a
concentration of circumoval granulomas causing fibrot-
ic expansion and the development of thin fibrous tracts
connecting portal spaces (murine periportal fibrosis).
This fibrosis mimics the human disease known as Sym-
mers’ fibrosis or “clay pipestem” fibrosis (Andrade &
Warren 1964, Warren 1966, Andrade & Cheever 1993).

Henderson (1993), working with inbred male CBA/J
mice chronically infected with S. mansoni, reported the
development of two syndromes that pathologically and
immunologically imitate the intestinal and hepatos-
plenic clinical forms of the human disease. Later, Silva
(2004) found that these two histological patterns (scat-
tered granulomas and periportal fibrosis) had similar
immunological profiles in well-fed BALB/c mice.
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The periportal fibrosis is due to massive egg laying
by S. mansoni females and the development of periovu-
lar granulomas around intrahepatic portal veins, lead-
ing to the obstruction and destruction of the vessel walls
(Andrade 1987). Due to fibrogenic stimuli from antigens
derived from miracidia bodies (Hang et al. 1974) and, to
a lesser extent, from the eggshells themselves (de Wal-
ick et al. 2012), inflammatory cells and macrophages are
activated and secrete fibrogenic cytokines such as trans-
formation growth factor (TGF)-B1, interleukin (IL)-13
and other mediators, which contribute to the regulation
of the inflammatory response as well as stimulate the
activation of hepatic stellate cells (HSCs) also known
as pericytes, fat-storing cells or Ito’s cells (Geerts 2001,
Gressner et al. 2002).

The HSCs are located in the perisinusoidal space
(Friedman 2008). They are actin-containing cells with
high plasticity and the capacity to become transformed
into myofibroblasts, an important matrix synthesising
cell also involved in vascular remodelling of the fibrous
tissue (Baptista & Andrade 2005). In response to chron-
ic hepatic injury, HSCs differentiate into myofibroblasts,
expressing intermediary filaments of alpha-smooth mus-
cle actin (a-SMA) and collagen and secrete components
of the extracellular matrix (Friedman 2008), whose sta-
bility is regulated by metalloproteinases and their tissue
inhibitors, according to Hemmann et al. (2007).
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Investigations of the interrelationships between schis-
tosomiasis and host nutritional status have demonstrated
that mice infected by S. mansoni and fed a low-protein
diet develop, in the acute stage of the disecase, small
periovular granulomas with fewer inflammatory cells,
reduced amounts of fibrous tissue in the liver and an in-
ability to develop the murine “pipestem”-like fibrosis
or periportal fibrosis (Coutinho et al. 1997, 2003, 2007)
as was seen in 30-50% of well-fed animals submitted to
low and long-lasting infections (Warren 1966, Andrade
& Cheever 1993). Experiments on shifting from a defi-
cient to a balanced diet and vice-versa, repeated infec-
tions or the use of different strains of inbred mice have
been all unsuccessful (Coutinho 2004).

Previous studies on the development of the hepatic
periportal fibrosis in well-nourished mice infected (WI)
have demonstrated the importance of immunological
mechanisms, emphasising the role of the T-helper (Th)2
response (Pearce & MacDonald 2002) and of IL-4, IL-
10 and IL-13 as key cytokines for fibrogenesis (Hilkens
et al. 1997). Undernourished-infected mice (UI) pro-
duce low levels of IL-4 (Oliveira et al. 2004) and IL-13
(Coutinho et al. 2010).

The host’s nutritional status interferes with the
course of S. mansoni infection in undernourished mice
(UI), with negative effects on the growth and develop-
ment of the parasites (Neves et al. 2001, 2002, Oliveira
et al. 2004) and on egg release.

In this paper, the effects of the nutritional status on
the biology of UI mice (growth curves) and parasites
(worm load, egg viability and maturation), as well as on
the collagen synthesis and the characteristics of the im-
munopathological response, were studied.

All these variables (nutritional status, egg unviabil-
ity, low fibrogenic cytokine response, low collagen syn-
thesis) are likely interdependent factors that influence
the amount and distribution of fibrous (collagen) tissue
in the liver periovular granulomas and portal spaces, ex-
plaining the absence of development of the murine type
of periportal schistosomal fibrosis in UI mice.

MATERIALS AND METHODS

Animals and experimental infection - Sixty C57BL/6
mice and 100 Swiss Webster mice [for soluble egg an-
tigen (SEA) preparation] at 21 days of age, weighing
11-15 g, were kept in individual wire-bottomed cages.
They were raised and maintained at the animal facilities
of Aggeu Magalhdes Research Centre [Oswaldo Cruz
Foundation (Fiocruz), Recife, state of Pernambuco, Bra-
zil]. Water and food were provided ad libitum. Mice were
maintained in a temperature (23°C) and light-controlled
environment.

Ethics statement - Animal experiments were per-
formed in accordance with the Animal Care and Use
Committee of Fiocruz (state of Rio de Janeiro), under
license L 0028/07.

Experimental design and infection - Mice were in-
fected percutaneously with 40 recently shed S. mansoni
cercariae obtained from laboratory-raised Biomphalaria
glabrata snails (Belo Horizonte strain). The animals

were distributed into the following groups: group 1 [un-
dernourished non-infected (UNT)], group 2 [undernour-
ished-infected (UI)], group 3 [well-nourished non-infect-
ed (WNI)] and group 4 [well-nourished infected (WI)].
Infection was confirmed in each mouse by the detection
of S. mansoni eggs in the facces 50 days after cercarial
exposure. Animals were fed their respective diet from
30 days before infection to the end of the experiment and
were euthanised 60 and 150 days after infection.

Diets - Undernutrition was induced in mice by feed-
ing them with a multi-deficient and essentially low-pro-
tein diet (7-8% protein), planned to simulate a diet usual-
ly ingested by low-income individuals living in endemic
areas of Manson’s schistosomiasis in Northeast Brazil
(Coutinho et al. 1997) and is thus referred to as the re-
gional basic diet. The control diet (NUVILAB) was a
pelleted commercial balanced chow for mice produced
by Nuvital Nutrientes Ltda (Colombo, PR, Brazil), with
22% protein content.

Evaluation of nutritional status - Body weight was
weekly recorded and food consumption was measured
every day. As this experimental model of mouse under-
nutrition has been extensively studied in previous inves-
tigations (Coutinho 1980, Teodésio et al. 1990, Coutinho
et al. 1992, 1997, 2003), it was considered unnecessary
to evaluate other parameters.

Parasitological studies - Parasites recovery and
counting mice were killed by intraperitoneal injection of
ketamine 115 mg/kg and xylazine 10 mg/kg. They were
perfused after 60 (acute) and 150 (chronic) days of in-
fection, according to the Duvall and DeWitt technique
(1967). Worms recovered after perfusion of the portal
system were counted and separated according to sex.
Eggs in the liver and intestine were quantified after di-
gestion with 4% potassium hydroxide (Cheever 1970).

Oogram procedures - Fragments of the small intes-
tine (terminal ileum), of 1 cm length, were removed from
all animals. They were later transferred to Petri dishes
containing isotonic saline, opened lengthwise with scis-
sors to remove excess mucus, partially dried on absorb-
ent paper, weighed and placed between a glass slide and
a plastic cover. The preparation was pressed on a rubber
surface padded with absorbent paper (Pellegrino et al.
1963, Pellegrino & Faria 1965). The terminal ileum was
used because this segment is the most frequent intestinal
site for oviposition of several strains of S. mansoni in
mice (Valadares et al. 1981). Using a light microscope
at a magnification 100X or 400X in questionable cases,
all eggs on each slide were counted and classified ac-
cording to their developmental or maturation stage, fol-
lowing specific features of each stage. A qualitative and
quantitative oogram evaluation was performed and in
each fragment an average of 100 eggs were counted and
classified as viable (mature, immature in 4 different de-
velopment stages) or dead (calcified, with retracted mi-
racidium, semi-transparent) according to the following
features: mature eggs (containing an already developed
miracidium); immature first stage (embryo at one-third
of the diameter of the egg); immature second stage (em-
bryo at one-half of the length of the egg); immature third
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stage (embryo at two-thirds of the length of the egg); im-
mature fourth stage (embryo almost entirely occupying
the eggshell) (Pellegrino et al. 1963).

Morphological studies - The livers were removed,
rinsed with phosphate buffered saline, weighed and di-
vided into several portions. One section of the liver was
fixed in 10% formaldehyde for histologic examination.
Tissues were embedded in paraffin and the 5 pm-thick
sections obtained were stained with haematoxylin-eosin
and picrosirius-red method for collagen (Junqueira et
al. 1979). Another portion of the liver was placed in 4%
potassium hydroxide for egg counting (Cheever 1970).
A liver portion weighing 100-200 mg was used for hy-
droxyproline determination, according to Bergman and
Loxley (1963).

Morphometry - Randomly sampled 5 pm-thick liver
histological sections, stained with picrosirius-red for
collagen, were examined by semiautomatic morphom-
etry using the LEICA Q500 MC Image Processing and
Analysis System (Leica Cambridge, Cambridge, Eng-
land). For morphometric measurements, a total sectional
area of 6.6 mm? per animal was evaluated. All perio-
vular granulomas were included. A spherical shape and
normal size distribution were assumed. The following
granuloma parameters were calculated: size, volume
density and numerical density. The granuloma volume
density was calculated as the quotient of the total granu-
loma profile area to the total sectional area studied per
animal. The number of granulomas per unit volume of
liver was assessed by applying Weibel’s formula. The
sectional area of red-stained fibrous tissue was directly
measured and calculated as a percentage of the total area
examined, as previously described (Coutinho et al. 1997,
Barbosa-Junior 2001).

Biochemical study - From each animal, a fresh liver
sample was used for the determination of collagen, meas-
ured as hydroxyproline by the Bergman and Loxley (1963)
spectrophotometric method B. Values for hepatic colla-
gen were expressed in micromoles of hydroxyproline per
gram of liver and corrected for intensity of infection by
dividing the hydroxyproline content in the whole liver by
the number of eggs per liver, results being expressed for
10,000 eggs. Calculations for this correction were made
using a simplified electronic spreadsheet developed by
Cheever (1987) and used in subsequent papers.

Immunofluorescence - Formalin-fixed paraffin-em-
bedded 5 pm-thick sections were used for detection of
a-SMA and type-I collagen by indirect immunofluores-
cence. Sections were deparaffinised and heat-induced
antigen retrieval in citrate buffer (pH 6.0) was per-
formed. a-SMA filaments were labelled using a bioti-
nylated anti-a-SMA antibody, 1:100, overnight (Novo-
tec, Lyon, France), followed by Streptavidin Alexa-Fluor
647, 1:200, for 1 h (Molecular Probes, Carlsbad, CA).
For type-I collagen labelling, sections were treated with
rabbit polyclonal anti-type-I collagen, 1:100, overnight
(Santa Cruz, Biotechnology), followed by anti-rabbit
IgG conjugated with Alexa-Fluor 488, 1:200, for 1 h
(Molecular Probes). For the detection of a-SMA, sec-

tions were mounted in VECTASHIELD® HardSet™
Mounting Medium with DAPI H-1500 (4, 6-diamidino-
2-phenylindole, Vector Laboratories): cell nuclei stained
blue and cytoplasms, red. For type-I collagen, sections
were stained with TO-PRO®-3 (carbocyanine monomer
nucleic acid): nuclei stained red and type-I collagen,
green. Ten random fields per mouse were studied with
a Fluoview 1000 confocal microscope using a 40X ob-
jective (Olympus, Tokyo, Japan). Morphometric analysis
was performed with Image ProPlus v.7.0 software (Me-
dia Cybernetics, Inc, Rockville, MD, USA).

Cell culture - After 60 and 150 days of infection,
mice from all experimental groups were killed and
their spleens removed under sterile conditions. For each
group of mice, splenocytes were extracted from a pool
of three spleens. The splenocytes were resuspended in
RPMI-1640 medium (Cultilab, Sao Paulo, Brazil), to
which 10 mL of 1% penicillin and streptomycin solu-
tion, 1% L-glutamine and 10% foetal bovine serum
(Gilson) were added. Cell viability was observed after
staining with 10% Trypan Blue. Splenocytes were cul-
tured in 24-well plates at a final concentration of 5 x
10°cells/mL in a 5% CO, oven (Forma Scientific, Inc)
and later stimulated with 20 pg/mL of SEA (Gazzinelli
et al. 1983) or 5 pg/mL of concanavalin A. The levels
of supernatant TGF-f1 were determined after cultures
of 24 h, 48 h, 72 h and 120 h, in both acute and chronic
phases of schistosomal infection.

TGF-p1 cytokine detection - The levels of TGF-p1
were determined as ng/mL, through ELISA, using the
ELISA Ready-Set-Go Development System kit (e-Bi-
oscience, San Diego, CA, USA) and according to the
manufacturer’s instructions. Each result is representa-
tive of three experiments in duplicate. The kinetics of
this cytokine (24 h, 48 h, 72 h and 120 h) showed that
the peak of secretion was detected in the supernatant of
24 h cultures, the peak of secretion observed in the W1
group used as a reference. Readings were performed in
the Bio-Rad Laboratories model 3550 microplate reader
at a wavelength of 450 nm. The levels of TGF-fI in the
samples were calculated utilising the Microplate Manag-
er software v.4.0, using standard curves of their respec-
tive recombinants. The results are shown as arithmetic
mean and standard error of the mean.

Statistical analysis - The data are presented as the
means = standard error of the means. The statistical ana-
lyses performed using BioEstat software, v.5.0 (Belém,
Para, Brazil, 2007), included the Student’s ¢ test or the
non-parametric Mann-Whitney U test, when appropri-
ate. For all experiments, p-values < 0.05 were considered
statistically significant.

RESULTS

Host nutritional status is related to low body weight
and low parasite burden - Ul mice had lower body weight
curves than WI animals, in both acute and chronic phas-
es of schistosomal infection. However, schistosomiasis
did not significantly affect the growth and development
of the mice (data not shown).
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These mice showed a low worm recovery during the
course of the experiment (Fig. 1A, B) with significant
differences than the well-fed group (acute phase: p =
0.0275; chronic phase: p = 0.0090).

Host undernutrition interferes on the amount of
egg release, egg viability and evolution or maturation
- Egg counts in the liver and intestine were also lower
in UT animals, at both the acute and chronic phases (Fig.
1C-F). A greater number of dead eggs or remnants of
eggshells were found in fragments of intestine from Ul
mice during both phases of the disease, with significant
differences between the Ul and the WI groups at the
chronic phase (p = 0.0472). During the acute phase, the
oogram of Ul mice showed a significant reduction in the
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number of immature eggs in the first (p = 0.0018), third
(p = 0.0009) and fourth (p = 0.0007) stages of matura-
tion. During the chronic stage, the percentage of mature
viable eggs of S. mansoni was significantly lower in Ul
animals (p = 0.009) when compared to WI controls and
a marked increase in the number of dead eggs was de-
tected in these deficient mice.

UI C57BL/6 mice develop an immunopathology
characterised by small hepatic periovular granulomas,
show the reduced ability to produce hepatic collagen and
do not develop periportal fibrosis.

Histopathology - In the acute phase of infection, the
livers of WI mice showed many exudative periovular
granulomas within medium-sized and large portal spaces
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Fig. 1: worms recovered in well-nourished (WI) and undernourished-infected mice (UI) in both acute (A) and chronic (B) phases of Schistosoma
mansoni infection. Egg counting in the liver and intestine of W1 and UI with S. mansoni in the acute (C) and chronic (D) phases of the infection.
Percentage of S. mansoni eggs in different stages of maturation in the intestinal wall of WI and UI in the acute (E) and chronic (F) phases of

schistosomiasis. EPM: eggs per minute.
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or scattered in the hepatic parenchyma. They appeared iso-
lated or in aggregates (Fig. 2A) and predominantly com-
posed of polymorphonuclear cells, sometimes intensely
infiltrated by eosinophils. A loose connective neoforma-
tion could be observed around S. mansoni eggs, housing
inflammatory cells of the acute phase in addition to low
numbers of lymphocytes and eventually macrophages. A
few foci of acute coagulative necrosis were detected. Ul
mice showed isolated small-sized granulomas in the prox-
imity of dead eggs or the remains of eggshells throughout
the liver parenchyma (Fig. 2B).The fibrous tissue was less
conspicuous and almost always absent and low numbers of
scattered acute inflammatory cells were observed around
some immature or dead eggs.

During the chronic phase, the livers of WI mice dis-
played isolated granulomas or aggregates of these struc-
tures around mature eggs and an annular or lamellar
fibrous tissue with low numbers of cells (lymphocytes,
plasmocytes and epithelioid cells). Only two animals out
of a group of five showed a portal concentration of circu-
moval granulomas causing fibrotic expansion and neo-
vascularisation of medium-sized to large portal spaces
(Fig. 2C), in addition to thin fibrous tracts connecting
portal spaces (murine “pipestem”-like fibrosis).

UI mice, however, showed only very small granu-
lomas with low numbers of inflammatory cells and re-
duced collagen synthesis (Fig. 2D). None were able to
develop the “pipestem”-like fibrosis as described in the
group of WI mice.

L N

Fig. 2: liver histopathology. A: well-nourished infected mouse with
Schistosoma mansoni. Conglomerates of well-developed periovu-
lar granulomas around mature eggs, acute inflammatory cellular
infiltration and scarce collagen deposition (60 days of infection)
(haematoxylin-eosin 50X); B: undernourished-infected mouse with
S. mansoni. Small scattered periovular granulomas with a poor infil-
trate of polymorphonuclear cells around remnants of eggs (60 days of
infection x 100, Picrosirius-red); C: well-nourished mouse. Periportal
liver fibrosis (“pipestem”-like fibrosis) showing concentration of pe-
riovular granulomas, fibrous enlargement, increased vascularisation
and chronic inflammatory infiltration of the portal space (150 days
of infection, x 100, Picrosirius-red); D: undernourished mice. Groups
of small periovular granulomas around empty eggshells, but absence
of “pipestem”-like fibrosis (150 days of infection, x 100, Picrosirius-
red); ai: acute inflammatory infiltrate; eg: eggshells (remnants); ft:
fibrous tissue; gr: circumoval granulomas; nv: neovascularisation.

Morphometric analysis (picrosirius-red staining) re-
vealed that during the acute phase, the percentage of fi-
brous tissue in the liver of UI mice was similar to that
observed in WI animals (Fig. 3A). At the chronic phase,
however, the synthesis of collagen in the UI mice was less
than in the WI group (p = 0.0204) (Fig. 3B).

The liver collagen measured biochemically as hy-
droxyproline also showed significant differences be-
tween Ul and W1 mice at both the acute (p = 0.0163) and
chronic (p = 0.009) phases of the infection (Fig. 3C, D).
Infected mice had higher levels of hydroxyproline when
compared with control non-infected groups, regardless
of their nutritional status.

Morphometric analysis also revealed that the mean
volume of the periovular granulomas was significantly
lower in the UI group, in both acute (p = 0.009) and
chronic (p = 0.0283) phases of the schistosomal infec-
tion (Fig. 4A).

Differences were not detected between Ul and WI
mice with regard to periovular granuloma volume den-
sity or numerical density at either phase of schistosome
infection (Fig. 4B, C).

Host undernutrition had no influence on the activa-
tion of HSC, but interfered with the production of TGFp-1
and hepatic type-I collagen - During the chronic phase,
HSCs were activated to similar levels, in both Ul and W1
mice, as demonstrated by the presence of Alexa-Fluor
647-labelled cells (Fig. 5A-E). a-SMA-positive cells (red)
were detected in periovular granulomas and in blood ves-
sel walls. Although significant differences were found be-
tween the WI and WNI groups (p = 0.0001) and between
the UI and UNI groups (p = 0.0001), no differences were
detected between the WI and UI groups, at either phase of
infection (p = 0.286 and p = 0.1029, respectively).

Striking differences in type-I collagen were detect-
ed between Ul and WI mice (p = 0.0001) at the chronic
phase (Fig. 6A-E) with the increased deposition of col-
lagen in periovular granulomas, vessel walls and por-
tal spaces observed in the infected WI animals. In Ul
mice, the green fluorescence of collagen fibres was less
evident and was restricted to a few granulomas, with
portal spaces showing no evidence of increased fibrous
deposition.

The mean levels of TGF-B1 were significantly lower
in the Ul mice at the acute phase of infection (p =0.0039),
which decreased drastically as the disease progressed to
the chronic phase, when titres were detected at approxi-
mately five times lower (p = 0.0039) than those of the W1
mice (Fig. 7A, B).

DISCUSSION

Previous investigations on the interactions between
the host nutritional status and infection by S. mansoni
have called attention to the role of undernutrition on
the biology and differentiation of the parasites, induc-
ing phenotypic changes in adult worms of both genders
(Ferreira & Coutinho 1999, Neves et al. 2002, Oliveira
et al. 2003), most likely owing to the lack of essential nu-
trients for their adequate growth and development. Nu-
tritional deficiency also influences the immune response
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and immunopathology of schistosomiasis in the murine
experimental host (Coutinho 2004, Oliveira et al. 2004,
Coutinho et al. 2007, 2010).

Schistosomal hepatic fibrosis (Symmers’ fibrosis) is a
chronic lesion involving essentially portal spaces, whose
etiopathogenesis is still incompletely understood. In hu-
mans, both periovular granulomas and a diffuse pro-
gressive periportal fibrosis contributing to the increased
amount of fibrous tissue develop within the liver.

The experimental “pipestem”-like liver fibrosis
(Symmers’ fibrosis of humans) that develops in 30-50%
of mice infected by S. mansoni (Andrade 1987, Andrade
& Cheever 1993) cannot be reproduced in Ul outbred
and/or inbred mouse models (Coutinho 2008). Different
experimental approaches that have tried to reproduce
the lesion in Ul mice have been unsuccessful thus far
(Coutinho 2004). However, further studies on the immu-
nological profile of these animals provided promising
results regarding the role of some cytokines secreted at

Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 709(2), April 2014

both the acute (60 days) and chronic stages (150 days) of
murine schistosomiasis (Coutinho et al. 2010).

It has been previously reported that schistosome-
undernourished infected mice are able to develop a hu-
moral immune response, but antibody titres are much
lower than in control well-fed animals (Oliveira et al.
2004, Coutinho et al. 2010). The production of the cy-
tokines interferon (IFN)-vy, IL-4 and IL-10 is lower in the
UI mice, but in INOS-knockout mice, as infection pro-
gresses to the chronic phase, the kinetics of IFN-y runs
an antagonistic course when compared to that of W1 ani-
mals (Ramos et al. 2006). On the other hand, the secre-
tion of 1L-13, a pro-fibrogenic cytokine, at the chronic
phase, has been found to be at alternatively low and high
levels of concentrations in splenocyte culture superna-
tants (Coutinho et al. 2010). The Th2 cytokines and, in
particular, IL-13 and the IL-13 receptor (IL-13Ra2) ap-
pear to be crucial for the hepatic fibrogenesis associated
with schistosomal infection (Wynn et al. 2004).
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Fig. 5: immunolabelling by Alexa-Fluor 647 for alpha-smooth muscle actin (a-SMA) on myofibroblasts (red) and vascular walls in the liver
of mice chronically infected by Schistosoma mansoni using the indirect fluorescence technique. Hepatic cells nuclei were stained with DAPI
(blue). Data represent the mean and standard error of 10 sections per mouse in groups of five animals. Differences regarding the amount of
hepatic stellate cells between Ul and WI mice were not statistically significant in both phases. A: well-nourished infected (WI); B: undernour-
ished-infected (UI); C: well-nourished non-infected (WNI); D: undernourished non-infected (UNI) (400X).
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In this study, the host nutritional status was related
to low body weight curves, low parasite burdens and low
egg loads detected in UI mice. It was found that host
protein undernutrition negatively interfered with tissue
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Fig. 6: immunolabelling by Alexa-Fluor 488 for collagen I (green) in
the liver of mice chronically infected by Schistosoma mansoni using
the indirect fluorescence technique. Hepatic cells nuclei were stained
with TO-PRO 3 (red). Data represent the mean and standard error of 10
sections per mouse in groups of five animals. Significant results were
detected between UI and WI mice (p = 0.0001). A: well-nourished
infected (WI); B: undernourished-infected (UI); C: well-nourished
non-infected (WNI); D: undernourished non-infected (UNI) (400X).
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egg release, as well as on egg viability and the degree of
maturation (oogram), as a high metabolism appears to
be necessary for a perfect oogenesis by S. mansoni adult
females (Tempone et al. 2002).

UI C57BL/6 mice infected with S. mansoni developed
a CD4" T-cell mediated immunopathology character-
ised by small hepatic granulomas surrounding parasite
eggs. This pathological finding is in line with previous
reports (Cheever 1987, Rutitzky et al. 2009). The high
expression of type-I collagen was detected in the perio-
vular granulomas of WI mice at the early and/or final
collagenous stages (productive granulomas), as well as
on blood vessel walls. In UI animals, however, type-I
collagen deposition was less evident and restricted to a
few granulomas with statistically significant differences
between the UI and WI groups. In the chronic stage of
schistosomiasis, the amount of collagen (hydroxypro-
line) was approximately four times less in the UI group
when compared to well-fed animals.

The data gathered thus far suggest that nutritional
deficiency interferes directly with connective tissue
changes occurring in murine hepatic schistosomiasis
(Coutinho et al. 2003).

Recently, HSCs have gained increasing attention, not
only as contractile cells, but also as obligatory regula-
tors of vascular development (Lee et al. 2007), stabili-
sation, maturation and remodelling of the connective
matrix. This is strongly indicative of the role played by
these capillary-associated actin-containing cells in the
remodelling of the extracellular matrix and associated
vascular lesions (Andrade 2009). The consistent mor-
phological association between HSCs and extracellular
matrix reinforces their important role in hepatic fibro-
genesis. a-SMA, a cytoskeletal protein, is one of the six
actin isoforms expressed in mammalian tissue and is the
single most reliable marker of stellate cells activation and
differentiation into myofibroblasts (Friedman 2008). Ul
and WI mice were able to activate HSCs to similar levels,
as shown by Alexa-Fluor 647 positively labelled cells ex-
pressing o-SMA in their cytoplasms. These positive cells
(red) could be observed in periovular granulomas and
blood vessel walls at both the acute and chronic phases
of schistosomal infection. Despite this, the production
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Fig. 7: levels of transformation growth factor (TGF)-B1 in the supernatant of splenic cells (24 h culture) in undernourished-infected (UI) and
well-nourished infected (WI) mice with Schistosoma mansoni in the acute (A) and chronic (B) phases of the infection.
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of type-I collagen in the chronic phase was significantly
lower in Ul mice, but this difference appeared to be re-
lated to the interference by dietary protein deficiency on
the synthesis of collagen and likely other elements of the
extracellular matrix (Coutinho et al. 2003).

Studies on the cellular kinetics of hepatic fibrosis have
demonstrated the involvement of different cell types, in
addition to HSCs, including eosinophils and macrophages
and their relationships to the development of the granu-
lomatous response and the production of profibrotic cytok-
ines. The deposition of eggs by S. mansoni followed by the
release of SEA incites a granulomatous response in which
CD4" T cells (Mathew & Boros 1986) and eosinophils
(Rumbley et al. 1999) play an important role. Addition-
ally, CD&" T cells, B cells and M2 macrophages (alterna-
tively activated macrophages) play a role in the formation
and regulation of hepatic granulomas (Herbert et al. 2004,
Hams et al. 2013). It has been found that M2 macrophages
induced by Th2 responses promote collagen synthesis and
fibrogenesis via the metabolism of L-arginine to proline
and polyamine by arginase-1 (Song et al. 2000).

In this study, the levels of TGF-BI in UI were sig-
nificantly lower at the beginning of the infection (acute
phase), falling drastically to levels approximately five-
times lower than those detected from WI animals at the
chronic phase.

The reduced egg laying in tissues and the increase
in the amount of degenerated and dead eggs detected in
UI mice did not entirely impair the activation of HSCs
because fibrogenic stimuli from the remaining miracidia
bodies and even from immunogenic cellular proteins and
glycoprotein molecules derived from the eggshells (de
Walick et al. 2012) were sufficient to induce the differ-
entiation of HSCs (Ito’s cells, perisinusoidal cells, peri-
cytes) into myofibroblasts. Thus, TGF-f1 was produced,
although at lower concentrations.

The results obtained in this experiment suggest that
host malnutrition is directly responsible for the reduced
egg laying and low maturation of S. mansoni eggs, lead-
ing to a decreased release of immunogens and thus af-
fecting the expression of fibrogenic cytokines such as
TGF-pI1, in addition to IL-4, IL-10 and IL-13, as previ-
ously reported (Coutinho et al. 2010). The low expres-
sion of fibrogenic cytokines, however, is sufficient to
activate HSCs, but these cells in UI mice are unable to
adequately synthesise type-I collagen. Dietetic protein
deficiency, together with the low immunogenic stimulus
generated by the reduced oviposition and egg unviabil-
ity, may account for the low liver collagen production
and the inability of UI mice to develop the murine type
of liver periportal fibrosis.
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Praziquantel has been the drug most widely used therapy against different forms of schistosomiasis
around the world. However, this treatment has shown ineffective in humans and in experimental models
of Schistosoma mansoni. New therapeutic alternatives have been tested, including the imidazolidine
derivative LPSF/PT-09, which has shown high therapeutic potential in vitro. In this work, we tested the
schistosomal activity of this derivative in doses of 250 mg/kg and 200 mg/kg in mice experimentally
infected with a high parasite load of S. mansoni. Parasitological evaluations related to the number of S.
mansoni worms and their oviposition were performed during the acute phase of the disease and have
demonstrated moderate effectiveness of 30-54,4%. However, LPSF/PT-09 did not influence oviposition of
the parasites or the embryonic development of the eggs. The results obtained in this model showed that
the imidazolidine derivative LPSF/PT-09 presented significant antischistosomal activity in vivo, posing as
a potential candidate for this class of drugs. However, a better understanding of the pharmacokinetics
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and pharmacodynamics of the imidazolidine derivative LPSF/PT-09 is needed.

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction

Schistosomiasis is the second most prevalent infectious,
parasitic disease in tropical and subtropical areas in terms of
socio-economic importance and public health. It is endemic in
some 78 countries with an estimated infection rate of more than
200 million people worldwide [1,2]. Schistosomiasis mansoni is
caused by a trematode, Schistosoma mansoni and clinical course of
the disease can vary from asymptomatic forms up to the extremely
severe [3].

The pathology of schistosomiasis is initially due to granuloma-
tous inflammation around the eggs deposited by S. mansoni with
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subsequent formation of fibrosis. Although variation of severity
occurs in the development of pathological forms in schistosomiasis
[4,5], all individuals who come into contact with the infective,
larval form of the parasite (cercaria) have great susceptibility to
worm infection regardless of gender, age or ethnic group [3].

In Brazil the treatment of schistosomiasis is based mainly on
chemotherapy, using oxamniquine or praziquantel [6]. Oxamni-
quine is a drug that belongs to the family of tetrahydroquinoline,
which is active only against S. mansoni and, after his administration
side effects have been observed in the central nervous system, as
well as carcinogenic and mutagenic effects [3,7]. In addition, there
is a limitation in the production of this medicine by the
pharmaceutical firm which owns the registration of products
containing oxamniquine [8].

Praziquantel, in turn, is derived from pyrazinoisoquinoline,
which came to be used as the main drug in the treatment of
schistosomiasis due to the following factors: its effectiveness
against all species of Schistosoma which infect humans; minor side
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effects presented by individuals after treatment; its low cost
[7,9-12].

The action mechanisms responsible for the therapeutic efficacy
of praziquantel have not yet been fully clarified [13]. However, it is
already known that praziquantel acts on the homeostasis of
calcium ion flow causing spasms, damage to the integument and
muscular paralysis in adult worms [12,14-17].

In recent years resistance of Schistosoma to praziquantel has
been described in some endemic areas, where a decrease in the
effectiveness of the treatment has been observed in humans
[16,18-20] and also in experimental studies with mice [21] and
with cercariae [22].

As the action of praziquantel in schistosomiasis is not
completely known, it becomes more difficult to understand the
mechanisms responsible for the resistance of strains of S. mansoni.
However, the unexpected resistance of the parasite to this drug
justifies further studies that can generate knowledge about the
mechanisms of action of compounds against the parasite, as well as
the need to search for new drugs for the treatment of S. mansoni
[23].

Imidazolidines are bioactive compounds which have stood out
for their broad biological action in terms of antimicrobial,
anticonvulsant [24], antihypertensive [25], antineoplastic [26]
and schistosomicidal properties [27].

Based on the promising results of the imidazolidine-derived
1-benzyl-4-[(4-fluoro-phenyl)-hydrazono]-5-thioxo-imidazoli-
din-2-one (LPSF/PT-09) in vitro (Fig. 1) [28], this study sought to
assess the schistosomicidal potential of LPSF/PT-09 in an
experimental model of mansonic schistosomiasis. Our results
showed a moderate schistosomicidal effect of imididazolidine
tested in acute infections of S. mansoni.

2. Materials and methods
2.1. Chemistry study

2.1.1. Compounds

The compound 1-benzyl-4-[(4-fluoro-phenyl)-hydrazono]-5-
thioxo-imidazolidin-2-one (LPSF/PT-09) was obtained from Labo-
ratério de Planejamento de Sintese de Farmacos (LPSF) at
Universidade Federal de Pernambuco (Brazil) and was duly
identified by nuclear magnetic resonance of hydrogen as well as
infrared (IR) and mass spectroscopy (MS). Fig. 1 displays the
synthetic route of LPSF/PT-09. The starting reagent was imidazo-
lidine-2,4-dione which was reacted with benzyl chloride under
basic conditions to obtain the intermediate 3-(4-bromo-benzyl)-
imidazolidine-2,4-dione [29]. After that, the reaction of 3-benzyl-
imidazolidine-2,4-dione with Lawesson’s reagent in anhydrous
dioxane gave rise to 3-benzyl-4-thioxo-imidazolidin-2-one. The
reaction mixture was heated under reflux for 24 h [30]. Then, the
compound 1-Benzyl-4-[(4-fluoro-phenyl)-hydrazono]-5-thioxo-
imidazolidin-2-one (LPSF/PT-09) was synthesized by a reaction

F

Fig. 1. Structure of derivative 1-benzyl-4-[(4-fluoro-phenyl)-hydrazono]-5-thioxo-
imidazolidin-2-one (LPSF/PT-09).

with a diazonium salt. Reactions were monitored with analytical
thin-layer chromatography in silica gel 60 F254 plates and
visualized under UV light (254 nm). Melting points were deter-
mined on a Quimis 340 capillary melting point apparatus and were
not corrected. Infrared spectra were recorded as KBr discs using a
BRUKER (IFS66) infrared spectrophotometer. Nuclear magnetic
resonance '"H NMR were recorded in a VMMRS 300 MHz VARIAN
spectrometer using tetramethylsilane (TMS) as the internal
standard and DMSO-dg as the solvent. Chemical shifts (8, ppm)
were assigned according to the internal standard signal of TMS in
DMSO-dg (8, ppm). Coupling constants (J) are reported in Hz. 'H
NMR spectra are reported in the following order: chemical shift,
multiplicity, number and type of proton and coupling constant(s).
Mass spectra with MALDI-TOF Autoflex III (Bruker Daltonics,
Billerica, MA, USA). Laser Nd:YAG, 355 nm. Freq. laser: 100 Hz. The
presence of the characteristic proton peak in 'H NMR confirmed
the presence of the final compound 1-benzyl-4-[(4-fluoro-
phenyl)-hydrazono]-5-thioxo-imidazolidin-2-one  (LPSF/PT-09).
The IR spectrum of the compound showed characteristic peaks
of the carbonyl and thiocarbonyl groups. For the preparation of 1-
benzyl-4-[(4-fluoro-phenyl)-hydrazono]-5-thioxo-imidazolidin-
2-one (LPSF/PT-09), equimolar amounts of 3-benzyl-4-thioxo-
imidazolidin-2-one  (200mg) and  4-fluoro-phenylamine
(107.75 mg) with sodium nitrite (0.15mg) in the presence of
sulfuric acid (0.3 mL) was reacted with absolute ethanol (8 mL) as
solvent and morpholine (1 mL) as catalyst. The reaction mixture to
0°C for 8h and after left at room temperature. The solid that
precipitated out was filtered under vacuum and washed with
water and absolute ethanol. MF: C;gH3FN40S; MW: 328.3640 g/
mol; m.p.: 202-3°C; yield: 44.73%; Ry: 0.56 n-hexane/ethylacetate
8:2. IR (KBr): v max (cm~') 3420 (N—H), 1720 (C=0), 1500 (C=S).
'H NMR (300 MHz, DMSO-d6): § 11.66 (s, 1H, NH), 7.70 (s, 1H, NH),
7.48-7.26 (m, 4H, Ar), 7.20-6.97 (m, 5H, Ar), 5.09 (s, 2H, CH,). Anal.
Calcd for C46H13FN4OS: C, 58.52; H, 3.99; N, 17.06; S, 9.77. Found: C,
59.54; H, 3.87; N, 16.87; S, 9.50. HRMS: 328.00.

2.2. Biological study

2.2.1. Parasites and hosts

Infection was performed percutaneously, using for each mouse
80S. mansoni cercariae. LE (Belo Horizonte) strains of S. mansoni
adult worms collected from Biomphalaria glabrata were obtained
by the Departamento de Malacologia do Centro de Pesquisa Aggeu
Magalhdes (CPqAM). Fifty male albino Swiss mice (Mus musculus)
were used, aged 25 days. Sixty days after infection, a parasitological
examination was done from feces of mice to evaluate the positivity
of the infection. This project was approved by the Ethics
Committee on the Use of Animals of the Centro de Pesquisa
Aggeu Magalhdes/Fundacdo Oswaldo Cruz (CPqAM/FIOCRUZ)
authorized by license No. 21/2011.

2.2.2. Assessment of in vivo susceptibility of adult worms of
Schistosoma mansoni to the imidazolidine derivative

For the assessment of schistosomicidal activity of the imida-
zolidine derivative, LPSF/PT-09, experimental and control groups
consisting of eight mice were used. The allocation of mice to
experimental groups was performed randomly. The mice were
treated orally 60 days after infection. The recommended doses of
the imidazolidine compound and PZQ were 250 mg/kg or 200 mg/
kg being administered for five consecutive days. The groups were
allocated as follows: Group I (LPSF/PT-09/250 mg/kg); Group II
(LPSF/PT-09/200 mg/kg); Group III (praziquantel/250 mg/kg);
Group IV (praziquantel/200 mg/kg); and the Group V (vehicle
and PEG (polyethylene glycol).

Fifteen days after treatment with the compounds, the animals
were anesthetized with an intraperitoneal injection of ketamine
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hydrochloride (115 mg/kg) associated with xylazine hydrochloride
(10 mg/kg). After anesthesia, the animals underwent perfusion of
hepatic portal system for removal of the worms, which were
separated in Petri dishes containing 0.85% saline and then the
parasites were counted and classified according to sex and vitality
[31].

2.2.3. Determination of the effectiveness of treatment

The evaluation of the effectiveness of the imidazolidine
derivative LPSF/PT-09 and of PZQ was determined by reducing
the percentage of parasitic load in each group treated using the
following equation: reduction of worms (%)=# of worms in the
control group —# of worms in the treatment group x 100/# of
worms in the control group [18].

2.2.4. Percentage egg developmental stages

Three fragments of the distal portion of the intestine were
washed in saline solution and slightly dried on absorbent paper.
Subsequently, each intestinal fragment was squeezed between the
slide and the cover slip and analyzed in a microscope to classify the
eggs. For each fragment 100 eggs were counted and classified
according to their developmental stage. The eggs were classified as
immature, viable eggs (from the 1st to the 4th stage); mature,
viable eggs; and non-viable eggs (calcified, with retracted
miracidium, semitransparent) [32].

2.2.5. Counting the eggs in the liver and intestine

Fragments of the liver and the intestine of each mouse
submitted to euthanasia were taken after perfusion and digested
in 4% potassium hydroxide (KOH) [33]. The eggs found were
quantified with the aid of a cell-counting “Sedgewick Rafter”
camera (Graticules Limited: model S50, Tonbridge-England).

2.2.6. Morphometric evaluation

Samples of liver from each mouse was fixed in 10% formalin
solution, included in paraffin blocks, sectioned and stained by
Picro-sirius red. Ten microscopical fields from histological liver
sections (5wm), that presented large production of conective
tissue, were selected and the collagen tissue was labeled and
acquired as percentage using Image Processing and Analysis
System LEICA Qwin 2.6 (Leica Cambridge, England). The measure-
ment result from each animal was the mean percentual from these
ten microscopical fields, and the ultimate result was the mean
percentual per group. The system was calibrated for 10x lens
magnification using a Leica DM LB2 microscope.

2.2.7. Statistical analyses

A descriptive analysis was performed to display the results
obtained. The presentation of the measured variables was done
using tables, including also the use of some descriptive measures
such as minimum, maximum, average and standard deviation. For
comparative analysis of quantitative variables with more than two
groups, the following tests were used: Bartlett to test the
assumption of homogeneity of variance; Kruskal-Wallis was
applied when an assumption of homogeneity was seen. All
findings were taken at a significance level of 5%. The software
used was GraphPad Prism 5.

3. Results
3.1. Effectiveness of treatment

The derivative LPSF/PT-09, at a dose of 250 mg/kg, presented
significant efficacy in the treatment of mansonic schistosomiasis in

mice, reducing the number of adult worms after treatment by
54.4%, with 60% being represented by female worms when used at

a dose of 250 mg/kg. The use of the lower dose, 200 mg/kg, also had
good efficacy, being able to cut down on the number of worms by
30.4%, with 59% being represented by female worms. PZQ, in turn,
had efficacy of 100% in both the doses evaluated (Table 1).

3.2. Oogram

In the assessment of stages of eggs found in the intestine, the
imidazolidine-derived LPSF/PT-09 proved to be active only in
relation to mature eggs, not causing significant changes in the
number of immatures eggs or of inviable eggs. Conversely, PZQ
proved to be significantly effective in reducing the immature
stages (primary, secondary, tertiary and quaternary) (Table 2).

3.3. Counting the eggs in the liver and intestine

In the evaluation of liver tissue, no significant differences were
observed between the number of eggs found in animals treated
with LPSF/PT 09, with PZQ or not treated. While in the evaluation of
the intestine, PZQ was effective in reducing the number of eggs at
both doses, with the 200 mg/kg dose, interestingly, more effective
in this reduction (Table 3).

3.4. Morphometric analysis of collagen percentage of mice infected
with S. mansoni

In assessing the percentage of fibrous tissue in samples of livers
of infected mice with S. mansoni, there was a decrease in the
percentage of collagen in the treated groups with imidazolidine
derivative LPSF/PT-09 at both doses. However, there was no
significant difference between the groups treated with PZQ and
untreated control group (Table 3).

4. Discussion

The study present showed that the imidazolidine derivative
LPSF/PT-09 showed significant antischistosomal activity in vivo. It
is known that the imidazolidines, considered a class of bioactive
compounds represent a class of molecules of great importance in
medicinal chemistry. Besides the already known antischistosomal
activity [34], the imidazolidines have pharmacological activities
such as anticonvulsant [35], antiarrhythmic [36], in the treatment
of chronic diabetic complications [37], antitumor properties [38],
anti-inflammatory [39], antihypertensive [34] and antimicrobial
[40,41].

Once proven the therapeutic efficacy high of imidazolidine
derivative LPSF/PT-09 against mature worms of S. mansoni [42],
was evaluated in this work schistosomicidal activity in vivo. As
demonstrated in vitro study [28,42], where the LPSF/PT-09 showed
mortality rates of up to 100%, in vivo assessment he also proved
effective, with an overall reduction in the number of worms adults
was 54.4%, with 60% represented by female worms when used at a

Table 1
Effectiveness of treatment of the animals infected with S. mansoni and the treated
with imidazolide derivative PT-09 and PZQ.

Animal groups® Number of worms Efficacy of treatment (%)

I 36 54.4
I 55 304
11 0 100
\% 0 100
\% 79 -

#Group I: LPSF/PT-09/250 mg/Kg; group II: LPSF/PT-09/200 mg/Kg; group III: PZQ/
250 mg/Kg; group IV: PZQ/200 mg/Kg; group V: untreated.
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Table 2
Percentage of egg developmental stages in mice infected with S. mansoni untreated
and treated with imidazolidine derivative LPSF/PT-09.

Animal groups* % egg developmental stages

Immature eggs Mature eggs inviable eggs
1 7738 +15.23 10.08 +8.14 12.52 +15.69
Il 71.98 £10.35 15.18 +6.31 12.97 + 6.41
111 11.38 +£17.30 63.98 +16.95** 24.62 +20.35™*
v 0.61+1.22* 61.67 +13.70* 37.71 £13.07***
\Y 48.224+8.37 51.36 +7.56 0.41 +1.16

*Significant difference from infected untreated control at P < 0.05, ** at P < 0.01, ***
at P<0.001.

#Group I[: LPSF/PT-09/250 mg/Kg; group II: LPSF/PT-09/200 mg/Kg; group III: PZQ/
250 mg/Kg; group IV: PZQ/200 mg/Kg; group V: untreated.

dose of 250 mg/kg. This result indicates a moderate schistosomi-
cidal activity. The effectiveness of the schistosomicidal activity is
considered high if the compound is capable of generating a
mortality rate of over 80% [43]. In the group treated with LPSF/PT-
09 at a dose of 200 mg/kg, the total reduction in the number of
worms was 30.4%, and 59% represented by female worms. The
effectiveness of total load of the worms is considered a modest
result, since according to literature data, a compound has a low
efficiency when a reduction in the number of worms is less than
30% [44].

Treatment of mice infected with S. mansoni 50, 100 or 200 mg/
kg mefloquine resulted in a total load reduction of S. mansoni adult
worms 44.1%, 64% and 93.4%, respectively. The dihydroartemisinin
also exhibited in vivo with a single oral dose of 600 mg/kg or
continuous administration at a dose of 400 mg/kg, an activity
against of S. mansoni adult worms infection after 49days of
presenting more sensitive against the female adult worms with a
reduction of 94%, while males were significantly less likely to
dihydroartemisinin and survival of worms was higher in the
groups administered [45].

The decrease of the load of the female adult worms in the two
doses tested was of great importance, indicating that the female
may be more susceptible to pharmacological target the imidazo-
lidine derivative LPSF/PT-09. As PZQ, the imidazolidines not have a
mechanism of action elucidated [28]. This route was identified in S.
mansoni, and proved to be the justification responsible for causing
the death of these parasites [34,40]. There is evidence that
imidazolidines have influence on the levels of cholinergic
receptors. And since the pharmacological and physiological system
S. mansoni is different from its host, it is likely that these receptors
are good biological targets [46].

Furthermore, chemical groups can be essential for expression
and intensity of many biological reactions, are considered
functional group [47]. The imidazolidines have the same pharma-
cophore group that niridazol 1-(5-nitro-thiophene-3-yl)-imidazo-
lidin-2-one. They can act as chelating agents due to imidazolidines

Table 3

and arylazo group nitrogen, leaving the most reactive molecule
[47]. The biofunctional groups of LPSF/RZS-2 (5-(4-chloro-benzy-
lidene-3-(4-nitrobenzyl)-4-thioxo-imidazolidin-2-one) and LPSF/
RZS-5 (5-(4-fluoride-benzylidene-3-(4-nitrebenzyl)-4-thioxo-imi-
dazolidin-2-one) imidazolidines have alkyl radicals, chlorine and
fluorine atoms, respectively. These radicals can change the
alkalinity or lipophilicity of the compounds inducing changes in
interactions with its receptor and the phenomenon of absorption
by different cell behaviors. Thus, it is believed that these features
can be responsible for the biological responses of the imidazoli-
dines derivatives in vitro studies [48].

As noted in this study, the difference in efficacy of treatment in
vitro and in vivo can be supported by the possibility of different
forms of migration of S. mansoni in the body, so that it can escape
the action of the drug [49]. Discrepancies were also observed in
studies using mefloquine against schistosomula and adult worms
of S. mansoni. Pharmacokinetic studies more specific, responsible
for measuring the actual concentration of the drug in the body or
directly on the target in question, may help to elucidate the
differences observed in vitro and in vivo studies [45].

Differences between in vitro and in vivo activity may also occur
between jobs without using the imidazolidine derivative LPSF/PT-
05 (1-benzyl-4-[(4-chlorophenyl)-hydrazono]-5-thioxo-imidazo-
lidin-2-one) which showed 100% mortality of adult worms of S.
mansoni in the first 24 h at a concentration of 174 wM. However, in
vivo evaluation in mice infected with S. mansoni, the imidazolidine
derivative LPSF/PT-05 showed an efficacy of 70.5% in the treatment
of parasitic load [50].

It is known that mature eggs remain viable in the intestine for
about twelve days. Thus, if oviposition decrease with administra-
tion of the drug, oogram should provide a high amount of mature
eggs due to the occurrence of oviposition previous treatment at the
same time a high decrease or absence of the immature stages [51].
Contrary to the one observed in vitro, in which the derivative LPSF/
PT-09 proved to be a potent inhibitor of oviposition [28], in vivo
work he seems to have an effect. Although data in literature show a
high variation in the number of eggs obtained by pairs of worms in
vitro studies [52] and in vivo [33], the results shown in our study
indicate that LPSF/PT —09 did not exercise any activity in the
immature stages or oviposition. Although the activity in vivo have
demonstrated a significant change in decreasing the number of
worms in the treated groups, an absence of changes in oogram
related to other stages of the eggs of S. mansoni was observed.

On the number of eggs found in liver tissue, contrary to what
one might imagine, no significant differences were observed
between treated and untreated groups, even those treated with
PZQ, variation also supported by the literature. In the intestine,
however, the results corroborate the well demonstrated in the
literature, where PZQ is shown to reduce the number of tissue eggs
[33].

Morphometric measured on collagen content in hepatic tissue and egg count in hepatic and intestinal tissue in mice untreated and treated with imidazolidine derivative LPSF/

PT-09.

Animal groups#

Morphometry of tissue collagen (%) (image analysis system)

Tissue egg loads x 10°

Hepatic Intestinal
1 14.89 + 3.87 5.02 + 3.69 1.63 + 1.42
11 12.27 + 414 3.65 + 2.31 1.78 + 1.06
i 20.90 + 6.68 3.58 + 3.57 0.34 + 0.11***
v 13.89 + 3.07 229 + 116 0.12 + 0.08
\% 16.63 + 4.18 6.58 + 4.59 227 + 212

*Significant difference from infected untreated control at P < 0.05, ** at P < 0.01, ** at P < 0.001.
#Group I: LPSF/PT-09/250 mg/Kg; group II: LPSF/PT-09/200 mg/Kg; group III: PZQ/250 mg/Kg; group IV: PZQ/200 mg/Kg; group V: untreated.
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5. Conclusions

Based on these results, we conclude that the imidazolidine
derivative LPSF/PT-09 showed significant antischistosomal activity
in vivo, posing as a potential candidate for this class of drugs.
However, the investigation of the mechanism of action at effects
the imidazolidine derivative LPSF/PT-09 against worms of S.
mansoni as well as further studies on the increased solubility and
pharmacodynamics are still needed.
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ANEXO A — parecer da Comissdo de Etica

Nir isterio do Soude

FIOCRUZ

Fundac¢io O Ido Cruz

Cenliro de Pesquisa Aggen Magalhaes

COMISSAO DE ETICA NO USO DE ANIMAIS

Certificado de Aprovacao

Certificamos que o Projeto intitulado: “INVESTIGACAO DO
POTENCIAL TERAPEUTICO DE CELULAS-TRONCO NO
TRATAMENTO DE LESOES HEPATICAS CRONICAS.” protocolado
sob o N° 15/2011, coordenado pelo (a) pesquisador(a) SHEILLA
ANDRADE DE OLIVEIRA, esta de acordo com a Lei 11.794/2008 e foi
aprovado pela COMISSAO DE ETICA NO USO DE ANIMAIS do Centro
de Pesquisas Aggeu Magalhdes/ Fundagdo Oswaldo Cruz (CEUA-

CPgAM) em reunido de 26/05/2011. Na presente versao, este projeto

esta licenciado e tem validade até o més de maio de 201 5

Quantitativo de Animais Aprovados
Espécie - linhagem ~ N° de Animais
CAMUNDONGO MUS
MUSCULUS C57BL/6 320
CAMUNDONGO MUS
MUSCULUS C57BL/6 E GFP 480
TOTAL 800

We certify that the project entitled “INVESTIGACAO DO
POTENCIAL TERAPEUTICO DE CELULAS-TRONCO _NO
TRATAMENTO DE LESOES HEPATICAS CRONICAS.” (CEUA
Protocol N° 15/2011), coordinated by SHEILLA ANDRADE DE
OLIVEIRA according to the ethical principles in animal research
adopted by the Brazilian law 11.794/2008 and so was approved by the
Ethical Committee for Animal Research of the Centro de Pesquisas
Aggeu Magalhaes/ Fundagdo Oswaldo Cruz on may 26, 2011. In the
present version this project is licensed and valid until may 2015

Recife (PE, Brazil) 30 may 2011.
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Dr®* Eridan Medeiros Coutinho
Coordenadora da Comissao de Etica no Uso de Animais
Centro de Pesquisas Aggeu Magalhaes — FIOCRUZ
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Av. Professor Moraes Rego, s/n - Cidade Universitaria — Campus da UFPE
Recife - PE - CEP: 50.670-420
Telefone: (81) 2101-2500/2101-2600 Fax: (81) 3453-1911
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ANEXO B: Termo aditivo




