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EFEITOS CITOTOXICOS DE RESOLVINAS DA SERIE D EM GLIOMA
MURINO

RESUMO

Glioblastoma multiforme (GBM) é um tumor altamente agressivo do Sistema Nervoso Central e
possui poucas terapias disponiveis. Em GBM, vias de sinalizacdo pré-inflamatdrias, como da
STAT3 e NF-«xB, sdo aberrantemente ativadas e associadas com a proliferacdo celular,
sobrevivéncia, invasdo e resisténcia a quimioterapia. Por conseguinte, a inibicdo dessas vias pro-
inflamatdrias tem sido sugerida como uma estratégia para combater as celulas malignas. As
resolvinas da série D promovem resolu¢do da inflamagdo diminuindo a ativacdo de NF-xB. A
Resolvina D2 (RvD2) deriva de uma sequencia de dupla lipoxigenacao do &cido docosahexaendico,
0 qual é derivado do &cido graxo essencial Omega-3. Nossa hipotese é que as resolvinas, por
inibicdo direta ou indireta de vias pré-inflamatorias, poderiam comprometer a sobrevivéncia e o
crescimento do glioma. Nosso objetivo consiste em avaliar o papel da RvD2 e de seu precursor
17(R)HDHA (HR17) sobre a proliferacdo de células tumorais e sobrevivéncia em um modelo de
glioma murino. Para isso, a linhagem de células de glioma murino (GL261) foi tratada in vitro com
RvD2 e HR17, e amorte celular e proliferacdo foram avaliadas. Além disso, o efeito de RvD2 e
HR17 foi avaliado in vivo apds o implante de GL261 no cérebro, avaliando-se caracteristicas
histopatolégicas e a imunohistoquimica para caspase-3 ativada. Verificou-se que RvD2 induz
apoptose de GL261 in vitro. Além disso, o tratamento de RvD2 e HR17 in vivo aumentou o0 nUmero
de células tumorais positivas para caspase-3 ativada, embora ndo alterassem a area do tumor.
Curiosamente, o tratamento HR17 reduz o indice mitético tumoral in vivo. Estes resultados sugerem

que RvD2 e HR17 tém um potencial papel na inducéo de apoptose em células de glioma murino.

Palavras-chave: Glioblastoma, Resolvina, RvD2, 17(R)HDHA.



CYTOTOXIC EFFECTS OF D SERIES RESOLVINS IN MURINE GLIOMA

ABSTRACT

Glioblastoma multiform (GBM) is a highly aggressive tumor of the central nervous system and has
a few available therapies. In GBM, proinflammatory signaling pathways, such as STAT3 and NF-
kB are aberrantly activated and associated with cell proliferation, survival, invasion and resistance
to chemotherapy. Therefore, inhibition of these pro-inflammatory pathways has been suggested as a
strategy to combat malignant cells. Resolvins of D-series promote resolution of inflammation by
decreasing the activation of NF-kB. The Resolvin D2 (RvD2) is derived from a double sequence of
docosahexaenoic acid lipoxygenation, which is derived from the essential fatty acid Omega-3. Our
hypothesis is that the resolvins, by direct or indirect inhibition of pro-inflammatory pathways, could
compromise the survival and growth of glioma. Our goal is to assess the role of RvD2 and its
precursor 17 (R) HDHA (HR17) on tumor cell proliferation and survival in murine glioma model.
For this, murine glioma cell line (GL261) was treated in vitro with RvD2 and HR17, and cell death
and proliferation were evaluated. Furthermore, the effect of RvD2 and HR17 was evaluated in vivo
after GL261 brain implantation; histopathological characteristics and immunohistochemistry for
activated caspase-3 were evaluated to. It was found that RvD2 GL261 induces apoptosis in vitro.
Furthermore, in vivo treatment of RvD2 and HR17 increased the number of tumor cells positive for
activated caspase-3, although not alter tumor area. Interestingly, the HR17 treatment reduces tumor
mitotic index in vivo. These results suggest that RvD2 and HR17 have a potential role in the

induction of apoptosis in murine glioma cells.

Key words: Glioblastoma, Resolvin, RvD2, 17(R)HDHA.
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1 Referencial Tedrico

1.1 Glioma

Tumores do sistema nervoso central (SNC) representam cerca de 1,9% de todas as
neoplasias malignas no mundo, somando uma fracdo alta das mortes por cancer devido ao seu
carater altamente agressivo. Os gliomas sdo 0s tipos histologicos mais frequentes e representam
cerca de 40% a 60% de todos os tumores primarios do SNC, classificado deste modo com grau de 1
a 4 baseados em caracteristicas histopatoldgicas e critérios clinicos estabelecidos pela Organizacéao
Mundial da Satde (OMS) (Watters, Schartner et al. 2005, INCA 2014), Essa classificagdo inclui o
astrocitoma pilocitico (grau 1), o astrocitoma difuso (grau 2), o astrocitoma anaplésico (grau 3) e o
glioblastoma multiforme ([GBM] grau 4) o qual representa cerca de 15% dos tumores de cérebro,

ocorre principalmente em adultos entre 45 e 70 anos. (Louis, Ohgaki et al. 2007, INCA 2014).

A etiologia do glioma ainda é pouco conhecida, alguns estudos sugerem que radiacdo gerada
por radiofrequéncia, telefonia movel e telecomunicacdo possam estar associados, porém esta
relacdo ainda permanece inconclusiva. Durante as Ultimas décadas, a incidéncia e a mortalidade dos
tumores de SNC aumentaram na maioria dos paises desenvolvidos principalmente nas faixas etarias
mais avancadas. Parte desse aumento referente a incidéncia deve-se a melhoria e a introducéo de
novas tecnologias diagnosticas menos invasivas, por exemplo, a tomografia computadorizada, a

ressonancia magnética e a tomografia por emisséo de positrons (PET Scan) (INCA 2014).

Os tumores de SNC no Brasil possuem um risco estimado de casos novos de 5,07/100 mil
homens e 4,05/100 mil mulheres, no mundo possui um risco estimado de 3,9/100 mil para homens e
3,0/100 mil para mulheres, e as maiores taxas de incidéncia encontram-se nos paises europeus
(INCA 2014). Segundo o Instituto Nacional do Cancer do EUA, estimou-se em 2014 23.380 novos

casos, sendo que 14.320 chegaram a 6bito, segundo a estimativa (NCI 2014).

Tumores de grau trés e quatro sdo considerados malignos ou gliomas de alto grau (GAG),
estes sdo a forma mais agressiva de tumor primario do cérebro, e sem uma terapia efetiva. Apesar
da sua relativa baixa incidéncia, a qual é de aproximadamente cinco casos por 100,000 pessoas
(Laperriere, Zuraw et al. 2002), a natureza de alta agressividade desse tumor continua a ser um
desafio para os oncologistas, pois costumam proliferar e invadir extensivamente areas adjacentes no

cérebro produzindo uma expectativa de vida baixa, sendo que para pacientes com glioblastoma
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multiforme, a sobrevida média é inferior a um ano (Diaz-Miqueli and Martinez 2013). Assim, para
pacientes com glioma, atualmente existe um Unico tratamento farmacologico, e a barreira
hematoenceféalica (BHE) limita a entrada dos quimioterapicos no SNC, de modo que apenas
farmacos altamente lipofilicos (temozolomida e nitrosuréias) podem ser utilizados (Mousseau,
Chauvin et al. 1993).

O padrdo de tratamento corrente em GAG consiste em uma combinacdo de abordagens de
cirurgia e radiacdo, ou combinacdo de radiacdo e quimioterapia, dependendo do sitio da doenca
assim como das condi¢cfes de saude do paciente (Koshy, Villano et al. 2012, Hart, Garside et al.
2013). A cirurgia € a primeira escolha de tratamento e a maxima ressecgdo cirirgica é indicada
sempre que possivel. Contudo, devido a sua alta natureza infiltrativa, 0 GAG ndo pode ser
completamente eliminado cirurgicamente, e a validade da cirurgia em prolongar a sobrevida do
paciente é controversa (Nazzaro and Neuwelt 1990, Lorenzoni, Torrico et al. 2008, Wolff, Driever
et al. 2010, Oszvald, Guresir et al. 2012).

A radioterapia é também frequentemente indicada em pacientes com glioblastoma de forma
paliativa, no entanto, com limitagcOes significativas de resultado que incluem resisténcia intrinseca
das células de glioma ao dano induzido pela radiacéo ionizante (Bao, Wu et al. 2006). Deste modo,
uma importante proporcdo de células de glioma pode sobreviver a irradiacdo, induzindo a
aceleracdo da proliferacdo (Ciardiello and Tortora 2008). Sendo assim, torna-se necessario
identificar novas alternativas terapéuticas de combate ao tumor, o que propiciaria um aumento na

sobrevida e a qualidade de vida desses pacientes.

1.2 Inflamacéo e cancer

A inflamacdo € a resposta do organismo para uma injuria local ou para a invasdo de
microrganismos, ocorre em tecidos vascularizados programados para o trafico de leucocitos e
influxo de plasma. Respostas controladas de fagdcitos incluem a eliminacdo de micrébios invasores
e limpeza de sitios com debris celulares e leucécitos polimorfonucleares (PMNSs) apoptoticos,
encaminhando-se entdo para a resolucdo do estado inflamatério por meio de sinalizacdo realizada
por mediadores pré-resolucdo. JA& em uma resposta do hospedeiro sem controle, ou quando a
resposta protetiva é desviada por vias inflamatorias crénicas, PMNs medeiam a injuria tecidual e

levam ao dano irreversivel do 6rgdo, com a presenga de doencas associadas. Em humanos, a
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inflamacdo é associada a muitas doencas que ocorrem amplamente, como doengas cardiovasculares,
metabdlicas, doencas autoimunes, doencgas inflamatdrias cléssicas, como a artrite e a doenca
periodontal, e o cancer. O que atualmente representa um importante problema de salde pablica e de

encargos financeiros (Serhan 2007, Serhan 2010).

A resolucdo da inflamacdo envolve muitos processos celulares e teciduais, incluindo
apoptose, fagocitose, perfis de citocinas/ quimiocinas e seus mecanismos de eliminagdo, assim
como a drenagem linfatica. No entanto, este processo permanece ainda pouco explorado, e é de
grande importancia compreender a sua fisiopatologia para entdo se direcionar novas abordagens
terapéuticas. E possivel que a estimulacdo de rotas de resolugio da inflamacdo possa melhorar o
tratamento de uma ampla variedade de doencas (Serhan 2007, Merched, Ko et al. 2008, Li, Sun et
al. 2009, Serhan 2010, Tabas 2010).

E importante ressaltar que a inflamacéo é evidente, em alguns casos, nas primeiras fases de
progressdao neoplasica sendo comprovadamente capaz de promover o desenvolvimento de
neoplasias incipientes (de Visser, Eichten et al. 2006, Qian and Pollard 2010). Além disso, as
células inflamatdrias podem liberar substancias quimicas, principalmente espécies reativas de
oxigénio, que sdo ativamente mutagénicas para células cancerosas proximas, acelerando sua
evolucdo genética para estados de malignidade elevada (Grivennikov, Greten et al. 2010). Como tal,
a inflamacdo pode ser considerada uma caracteristica que permite a aquisicdo de recursos

caracteristicos da sobrevivéncia e progressao do tumor (Hanahan and Weinberg 2011).

Neste sentido, estudos recentes tém proporcionado novas descobertas sobre vias celulares e
moleculares que evidenciam a ligacdo entre inflamacdo e céancer (Mantovani 2010, Bonecchi,
Locati et al. 2011, Kuraishy, Karin et al. 2011). Estudos clinicos, epidemioldgicos e com linhagens
de células malignas, tém demonstrado o potencial de anti-inflamatorios nao esteroides (AINES),
como agentes farmacoldgicos com papel benéfico no tratamento e prevencdo de varios tipos de
cancer — por diminuir a proliferacdo tumoral ou induzir a morte destas células (Tsujii and DuBois
1995, Howe, Subbaramaiah et al. 2001, Shono, Tofilon et al. 2001). Recentes descobertas tém
demonstrado o papel chave de novas classes de mediadores lipidicos sobre a resposta inflamatoria.
Em particular, foi descoberto que diversos mediadores lipidicos derivados de acidos graxos poli-
insaturados (principalmente ®-3) sdo endogenamente gerados durante a inflamacdo e tém potente
efeito anti-inflamatorio, servindo como mediadores lipidicos especializados capazes de promover a

resolucéo da inflamacéo.
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1.3 Vias de sinalizacéo

A inflamacdo pode contribuir para mdltiplos aspectos biologicos caracteristicos dos
tumores, especialmente atraveés do suprimento de moléculas bioativas para o seu microambiente,
incluindo fatores de crescimento que podem sustentar a sinalizagdo proliferativa, fatores de
sobrevivéncia que limitam a morte celular, fatores pro-angiogénicos, enzimas modificadoras da
matriz extracelular que facilitam a angiogénese, a invasdo, e a metéstase, e induzem sinais que
levam a ativacdo de programas facilitadores de cancer (Karnoub and Weinberg 2006, DeNardo,
Andreu et al. 2010, Grivennikov, Greten et al. 2010, Qian and Pollard 2010).

As citocinas interleucina-6 (IL-6) e fator de necrose tumoral alfa-a (TNF-a), especialmente,
estdo associadas a vias de sinalizacdo relacionadas com aumento de proliferagdo, migracdo e
invasdo de varios tumores (Grivennikov and Karin 2010). Em gliomas, a remocdo de IL-6, de
animais que geram espontaneamente o tumor, preveniu a formacdo tumoral, indicando o papel
importante da IL-6 no desenvolvimento e progressdo de gliomas (Weissenberger, Loeffler et al.
2004). Neste sentido, 0 TNF-o também atua na sustentacdo da progressao tumoral em gliomas
produzido através da via ativacéo de toll like receptors 4 (TLR4) (Tewari, Choudhury et al. 2012).
Entre as vias de sinalizacéo celular que respondem prontamente ao TNF-a e a IL-6, 0s componentes
mais ativados em tumores sdo os fatores de transcricdo factor nuclear kappa B (NF-xB) e signal
transducer and activator of transcription 3 (STAT3), respectivamente. Eles tém sido detectados nas
suas formas ativas em muitos tipos de tumores, incluindo cancer de mama, célon, gastrico, pulméo,
pele, prostata e glioma entre outros (Lee, Herrmann et al. 2009, Grivennikov and Karin 2010,
Zanotto-Filho, Braganhol et al. 2012).

E importante ressaltar que 1L-6 e TNF-a sdo constantemente produzidas no microambiente
do tumor, tanto por células tumorais quanto em células imunes infiltrantes, o que resulta em uma
ativacdo cronica de NF-kB e STAT3 de maneira autocrina e paracrina (Karin 2006, McFarland BC
2013). NF-kB e STAT3 sdo importantes fatores de transcricdo envolvidos na mediacdo da resposta
inflamatdria e imune, também estdo ligados a muitos canceres, incluindo GBM. Em GBM, o0s
fatores de transcricdo NF-kB e STAT3 sdo aberrantemente ativados e associados com a proliferacéo
celular, sobrevivéncia invasdo e resisténcia a quimioterapia. Ambos NF-kB e STAT3 sdo também
rapidamente ativados em resposta a diversos estimulos incluindo estresse e citocinas, apesar de
serem regulados por mecanismos de sinalizacdo completamente diferentes. Estes fatores de

transcricdo, uma vez ativados nas células tumorais, podem controlar a expressdo de varios genes
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anti-apoptoticos, pré-proliferativos e de resposta imune — como as citocinas IL-10, IL-6, 1L-23, IL-
21, IL-1 e TNF-a (Karin 2006, Grivennikov and Karin 2010, McFarland BC 2013).

Deste modo, a ativacdo de NF-kB e STATS3 representa um importante papel no controle da
“comunicacdo” entre células malignas e microambiente, em especial com células
imune/inflamatdrias que infiltram o tumor. Como consequéncia, a inibicdo de NF-kB e STAT3 tem
sido sugerida como estratégia para combater células malignas. Deste modo, j& foi demonstrado em
um modelo de glioblastoma em camundongos, que a inibicdo conjunta de NF-kB e STAT3
prolongam a sobrevida dos animais (McFarland BC 2013).

1.4 Mediadores Lipidicos

Mediadores lipidicos pré-resolucdo possuem estruturas distintas e atuam através de
receptores estereoespecificos ligados a proteina G que sinalizam eventos intracelulares em alvos
celulares seletivos, ativando programas pro-resolucdo enquanto neutralizam a sinalizacdo pro-
inflamatdria (Fredman and Serhan 2011). E, da mesma forma que outros potentes mediadores
lipidicos como lipoxinas, prostaglandinas e leucotrienos, as acdes biologicas das resolvinas sdo
mediadas pelos receptores metabotropicos lipoxin A/formyl peptide receptor (ALX/FPR2),
chemerin receptor 23 (chemR23) e G protein-coupled receptor 32 (GPR32) (Serhan 2007,
Krishnamoorthy, Recchiuti et al. 2010).

Serhan e colaboradores (Serhan, Hong et al. 2002) identificaram, caracterizaram e
elucidaram as familias de mediadores lipidios pro-resolu¢do derivados de acido graxo ®-3:
eicosapentaenoico (EPA) e docosahexaendico (DHA) _ resolvinas, protectinas e maresinas; e
derivados de acido araquiddnico (AA) _ lipoxinas. A geracdo enzimatica dessas familias ocorre
primariamente via biossintese transcelular, e em alguns casos dentro de um tipo Unico de célula, via
enzimas lipoxigenase. Entre suas principais a¢fes anti-inflamatorias, estdo a reducdo de migracéo
de neutréfilos humanos e de infiltracdo de neutrdfilos em sitios inflamatdrios em modelos murinos
(Serhan, Chiang et al. 2008, Spite and Serhan 2010). Além disso, também apresentam atividades
especificas, como por exemplo a lipoxina A4 (LXA,), que quando testada em um modelo de
hepatocarcinoma em camundongos provocou a inibicdo da producdo de vascular endothelial

growth factor (VEGF) e reduziu os niveis in vitro de hypoxia-inducible factor-la (HIF1-o),
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aumentou a apoptose in situ e inibiu a infiltracdo de macréfagos no tecido tumoral (Chen, Hao et al.
2010).

1.5 Resolvinas _ resolvins (Rv; resolution phase interaction products)

A familia das resolvinas, os mediadores lipidicos foco deste trabalho, inclui as da série E
(RVEL e RVvE?2) derivadas de EPA e as resolvinas da série D (RvD1, RvD2, RvD3, RvD4, RvD5,
RvD6) derivadas de DHA. Cada um desses compostos origina-se por rotas biossintéticas similares,
mas possuem estruturas distintas e potencialmente ac@es bioldgicas adicionais. Sdo geradas a partir
de é&cido graxo Omega-3 proveniente da dieta, como citado acima, pela via do &cido
docosahexaendico (DHA), do acido eicosapentaenoico (EPA) ou da cicloxigenase Il (COX-2), e
também pode ser gerado por um analgésico como a aspirina (Serhan 2009). A adi¢do de aspirina,
um precursor de resolvinas, derivada de DHA, para ativar células PMNs humanas também gera
resolvinas da série D, destacando-se a importancia das interagcdes célula-célula, como ocorre
durante a resolucao da inflamacéo. Sendo que o DHA ¢ convertido em resolvinas em todo o sangue
humano mesmo na auséncia de aspirina. Notavelmente, as resolvinas da série D geradas na auséncia
de aspirina carregam o alcool para a posi¢do 17 predominantemente na configuracdo S, mais que na
configuracdo R (Hong, Gronert et al. 2003, Serhan 2007).

1.6 Resolvinas da série D

A conversdo biossintética de Acido Docosahexaenoico (ADH) em resolvinas da serie D
(RvD1-RvD6) envolve dois passos interativos de lipoxigenacdo. A conversao inicial de ADH em
17S-HpDHA (01) catalisado pela 15-lipoxigenase (15-LO) é seguido de uma segunda
lipoxigenacdo via 15-LO na posicdo C-7 que resulta em um peroxido intermediario (02) o qual é
transformado em 7S,8S-epdxido (03). A hidrdlise enziméatica do composto 03 gera produtos
trihidroxilados RvD1 (04) e RvD2 (05). Resolvinas 17R da série D também podem derivar da

aspirina via COX-a. acetilada ou via a rota P450 (Serhan and Petasis 2011).
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175-HpDHA

Fig. 1: Sintese resolvinas série D, adaptado (Serhan and Petasis 2011).

Resolvinas da série D possuem mdaltiplas a¢bes beneficas, tanto in vivo quanto em células
humanas isoladas. Em particular, elas reduzem a infiltragdo excessiva de PMN em tecidos com
inflamacdo, diminuem a ativacdo de PMN e promovem a fagocitose e remocdo de células
apoptoticas e microbios. A¢des protetivas de resolvinas da série D tém sido observadas em doencas
inflamatdrias crénicas e agudas, como peritonite, isquemia e sepse. O mecanismo de acao
conhecido para resolvinas envolve tanto a limitacdo da infiltracdo de PMN e aumento da fagocitose
pelos macrdfagos que utiliza receptores especificos recentemente identificados em PMNs humanos,
mondcitos e macréfagos. Esses mediadores anti-inflamatérios também sdo capazes de reduzir o
dano por isquemia/reperfusdo e a obesidade induzida por inflamacdo em tecido adiposo de
camundongos (Ishida, Yoshida et al. 2010, Krishnamoorthy, Recchiuti et al. 2010). Coloca-se que
as resolvinas mostram resultados benéficos nesses diversos modelos experimentais de inflamacéo
por promover a resolucdo de alterac6es inflamatorias por diminuir a ativacdo de NF-kB ¢ a secre¢ao
de TNF-a ¢ IL-6 (Rahman, Bhattacharya et al. 2008, Ishida, Yoshida et al. 2010, Bento, Claudino et
al. 2011, Wang, Gong et al. 2011).
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RvD2

A Resolvina D2 (Serhan, Hong et al. 2002) tem sido estudada em diferentes modelos pré-
clinicos, apresentando resultados positivos e estimulando fortemente seu potencial terapéutico. Nos
modelos de sepse bacteriana apresenta a combinacdo incomum de atividade antiinflamatoria e
antimicrobiana, pois provoca a diminuicdo da producdo de citocinas e do infiltrado de leucdcitos,
estimula o influxo de macrdfagos e sua atividade fagocitica facilitando a remocéo de células mortas
e de micrdbios patogénicos, atuando assim via maltiplos alvos celulares, estimulando a resolucdo da
inflamacéo e da infeccdo e preservando a imunovigilancia (Spite, Norling et al. 2009, Li, Leong et
al. 2013). A RvD2 e o precursor 17(R)HDHA, em um modelo animal de colite, também
apresentaram efeitos antiinflamatérios como a diminuicdo do infiltrado de leucdcitos, e a
diminuicdo nos niveis de citocinas quimiocinas e moléculas de adeséo, aléem de diminuir a
expressdo de NF-kB, com consequente melhora dos sinais da doenga. Curiosamente, também foi
demonstrado que sua acdo ndo depende do receptor ALX/FPR2 in vitro e in vivo (Bento, Claudino
et al. 2011).

A RvD2 também foi descrita num modelo de dano vascular, em que demonstrou reduzir as
consequéncias locais do dano ao endotelio vascular, e prevenir a aderéncia de PMNs a parede dos
vasos sanguineos impedindo a ligacdo entre as selectinas; num modelo de ratos submetidos a
gueimaduras, em que restaura a motilidade de neutrofilos e aumenta dramaticamente a sobrevida do
animal, e como um inibidor da dor causada por inflamacéo (Park, Xu et al. 2011, Kurihara, Jones et
al. 2013, Miyahara, Runge et al. 2013).

2 Hipotese

Baseado nas premissas de que o tumor é mantido por um estado pré-inflamatorio, as
resolvinas RvD2 e 17(R)HDHA, potentes mediadores lipidicos pro-resolucdo da inflamacéo,
poderiam representar uma alternativa relevante no tratamento dos gliomas. Ademais, considerando

a natureza lipofilica destes mediadores, 0 acesso ao tumor poderia ser bastante favorecido.

3 Objetivos

Geral
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Avaliar o potencial antitumoral das resolvinas RvD2, e 17(R)HDHA em glioma de

camundongo.
Especificos
1. Avaliar a citotoxicidade in vitro das resolvinas em células de glioma murino GL261.
2. Auvaliar o tipo de morte envolvido, por apoptose ou necrose.
3. Awvaliar a expressao de receptores de resolvinas nas células do tumor in vitro e in vivo.
4. Observar o comportamento do glioma implantado em camundongos frente a terapia com

resolvinas RvD2 e seu precursor 17(R)HDHA.

4  Justificativa

Glioblastoma multiforme é um céncer de baixa sobrevida e possui poucas alternativas de

tratamento. As resolvinas seriam um possivel novo tratamento a ser desenvolvido para esse cancer.
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Abstract

Glioblastoma multiform (GBM) is highly aggressive tumor from Central Nervous System and few
therapies are available. In GBM, NF-xB and STAT3 are aberrantly activated and associated with
cell proliferation, survival, invasion and chemotherapy resistance. Consequently, inhibition of
STAT3 and NF-kB has been suggested as a strategy to combat malignant cells. Resolvins of D
series promoted resolution of inflammatory decreasing the activation of NF-xB. We hypothesized
that resolvins by NF-kB inhibition could impair glioma growth. Our objective was to evaluate the
role of Resolvin D2 (RvD2) and its precursors 17(R)HDHA (HR17) on tumor cell proliferation and
survival in a glioma murine model. We found that RvD2 induced apoptosis of GL261 in vitro.
Furthermore, RvD2 and HR17 in vivo treatment increased the number of caspase-3 activated tumor
positive cells, though did not affect tumor area. Interestingly, HR17 treatment reduced tumor
mitotic index in vivo. These results suggested that RvD2 and HR17 have a potential role in inducing

apoptosis in murine glioma cells.

Key words: Glioblastoma, Resolvin, RvD2, 17(R)HDHA.
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Introduction

Glioma remains a challenge to oncologists in consequence of the highly aggressive nature of
the tumor. Patients with Glioblastoma Multiform (GBM) present a low life expectative due to tumor
cells proliferative and infiltrative capacity and radiotherapy resistance (Bao, Wu et al. 2006,
Ciardiello and Tortora 2008, Oszvald, Guresir et al. 2012, Diaz-Miqueli and Martinez 2013).
Therefore, it is necessary to identify new therapies to combat the tumor, increasing patient survival
and quality life. Inflammation is evident in some cases in the early stages of neoplastic progression,
and is proven to be able to promote the development of incipient neoplasias (de Visser, Eichten et
al. 2006, Qian and Pollard 2010). Studies have demonstrated the potential of non-steroidal anti-
inflammatory drugs (NSAIDs), in the treatment and prevention of various types of cancer, by
reducing tumor proliferation or inducing cell death (Tsujii and DuBois 1995, Howe, Subbaramaiah
et al. 2001, Shono, Tofilon et al. 2001).

Pro-inflammatory cytokines IL-6 and TNF are associated with signaling pathways related to
increased proliferation, migration and invasion of a variety of tumors (Grivennikov and Karin
2010). Among the signaling pathways that respond well to TNF-o and IL-6, the most activated
components in tumors are the transcription factors NF-xB (Lee, Herrmann et al. 2009, Grivennikov
and Karin 2010). They have been detected in their active forms in many types of tumors, including
breast, colon, gastric, lung, skin, prostate, and glioma among others (Grivennikov and Karin 2010,
Zanotto-Filho, Braganhol et al. 2012).

In GBM, the transcription factors NF-kB and STAT3 are aberrantly activated and associated
with cell proliferation, survival, invasion and chemotherapy resistance (McFarland BC 2013).
Consequently, inhibition of NF-kB has been suggested as a strategy to combat malignant cells. In
addition, it has been demonstrated in a model of glioblastoma in mice, that inhibition of NF-kB
prolong animal survival (Karin 2006, Grivennikov and Karin 2010, McFarland BC 2013).
Resolvins of D series show beneficial results in experimental models of inflammation by promoting
resolution of inflammatory decreasing NF-kB activation and the secretion of TNF-o and IL-6
(Rahman, Bhattacharya et al. 2008, Ishida, Yoshida et al. 2010, Bento, Claudino et al. 2011, Wang,
Gong et al. 2011). Therefore, we hypothesized that resolvins by NF-kB inhibition could impair
glioma tumor grow. So, the aim of this study was to evaluate the role of resolvin D2 and its

precursors 17(R)HDHA on tumor cell proliferation and survival on glioma mouse model.
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Methods

Cell lines

Murine glioma cell line GL261 was kindly provided by Dra. Fernanda Bueno Morrone
(Laboratory of Pharmacology — PUCRS). GL261 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Cultilab, Campinas SP-BRA) supplemented with 10% heat-inactivated
fetal bovine serum (FBS) (Laborclin, Pinhais PR-BRA) at 37°C atmosphere of 5% CO..

Animals

A total of 24, eight to nine-week-old, male C57BL/6 were used on research. Cembe (Centro
de Modelos Bioldgicos e Experimentais — PCURS) provided the Mice. This study had the consent
of Ethics Committee on Animal Research (CEUA-PUCRS) (protocol 14/00394). The model of
glioblastoma was obtained by stereotactic surgery where 2.7 x 10°> GL261 cells were injected on the
striatum of mice brain (2 mm left side, 3 mm below) (Bernardi, Braganhol et al. 2009). Six days
after implantation, mice were divided into three treatment groups and two control groups. Resolvins
groups of 4 animals were used for each RvD2 and 17(R)HDHA treatment at doses of 80 ng of the
compound diluted in ethanol 99,8% (Cayman Chemical Company, USA) every 4 days for 14 days,
intrathecally (between L5 and L6). A group of 4 animals was also treated with Temozolamide
(Shering-Plough Corporation, USA) (10mg/kg) via i.p., from the 7° day to 18° in alternated days.
For the control group, it was injected only the vehicle treatment, absolute ethanol (Synth®, BRA)
and PBS1x (Phosphate Buffer Saline 1X) (Dinamica, BRA), and three animals were destined to
sham intended. Mice after the cells implantation were monitored daily and euthanized 20 days later.

The brains were removed for histological analysis.

In vitro assays

GL261 cells were seeded in 24 well plates (5x10* cells/well) in DMEM supplemented with
5% heat-inactivated FBS. After 24hs, the cells were treated with 900 nM of the Resolvin D2
(RvD2) or its precursors 17(R)JHDHA (HR17); and with 150uM of Temozolamide for positive cell
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death control. After 24h, the cells were collected for analysis of cell death. Cell death was analyzed
staining the cells with Annexin V-FITC and Propidium lodide (PI) using the kit ApopNexinTM
FITC (Millipore Merck, SP-BRA) following the manufacture instructions. Cells were acquired in

FACS Canto Il (BD Bioscience) and analyzed in FlowJo software (TreeStar).

Real Time PCR

RNA from treated cells was extracted using RNAeasy kit (Qiagen, EUA). cDNA was
obtained using Sensiscript Reverse Transcription kit (Qiagen). Relative Real Time PCR was carried
out on the equipment StepOne Real-Time PCR System (Applied Biosystems), with StepOne
Software 2.3 program, using primers 20x TagMan® Experimental Gene Assay, for the targets FPR2
(Mm00484464_S1), CmKlrl (Mm02619757_S1), LTb4R1 (Mm02619879 S1), STAT3
(Mm01219775_m1), NFxB (Mm00476361 ml), and p-actin (4352933 1009033, Applied

Biosystems) as constitutive gene for endogenous expression control.

Tumor Histologic Analysis

Tissue was processed, embedded in paraffin, and 5um sections were cut, and slides spanning
the tumor were stained with hematoxilin and eosin (H&E). At least four H&E sections from each
animal were analyzed by a pathologist, blinded for the experimental data. Each brain was divided in
coronal section on two parts, frontal (A) and distal (B), each part was submitted for two sections of
5um, with a distance of 400um. For tumor size quantification, images were captured using a digital
camera connected to a microscope (Olympus BX50) and the tumor area (mm?) was determined
using Image AxioVision Microscopy Software. The size of the tumor was computed by area
analyses (mm?) of slice sections with use of Axiovision 4.7.1 Software (Morrone, Oliveira et al.
2006).

To determinate cell death section were stained with antibodies anti-Activated Caspase 3
(Millipore) (1:200). For analyses of slide stained with anti- Activated Caspase 3, were made photos
of 10 independent high-magnifications (x400) fields per microscope slide, and analyzed for each
animal counting the percentage of positive glioma cytoplasm cells. Sections of human prostate were

used as positive control.
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Statistical Analysis

Results are presented as mean = standard error of the mean. Data analysis is performed by

analysis of variance (ANOVA) followed by Tukey test. P values <0.05 are considered significant.
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Results

RvD2 induced apoptosis in GL261 in vitro

In order to test the effect of RvD2 in inducing cell death we treated GL261 in vitro with 900
nM of RvD2 for 24h. After the treatment cells demonstrated typical morphology changes of death
in comparison with the control (Figure 1A). Subsequently, we asked whether RvD2 was inducing
apoptosis in those cells. To confirm that cells were staining with apoptosis the marker Annexin V.
Our results demonstrated that RvD2 treatment increased the frequency of GL261 Annexin V
positive cells 26-fold against the control (Figure 1B and C) indicating that RvD2 induced apoptosis
in those cells. We did not find increased percentage of Propidium lodide positive cells, suggesting
the RvD2 is inducing mainly apoptosis and not necrosis.

GL261 expressed RvD2 receptors

RvD2 could perform its effect binding to different lipid mediator’s receptors, which are
mostly lipoxin receptor (ALX/FPR2), chemokine-like receptor 1 (CMKLR1) and leukotriene B4
(LTh4R1). We verified the expression of these receptors on GL261 by real time PCR. GL261
indeed expressed all the receptors tested, as demonstrated on Figure 2A. We also compared the
expression of the receptors in GL261 with mouse peritoneal macrophages; a common immune cell,
which is known to expresses these receptors and be regulated by then. Our results suggested that
GL261 expressed similar RNAmM amount of ALX/FPR2 and CMKLRL1 to macrophages (Figure 2B).
Conversely, GL261 expressed 0.8-fold more LTbh4R1 compared to macrophages as demonstrated in
Figure 2B.

HR-17 reduced mitotic index in vivo

We further investigated if RvD2 reduce tumor grow in vivo since it presented an apoptotic
effect in vitro. Together, we tested the effect of HR17, a precursor in pathway of biosynthesis of D-
series resolvins, which can be converted in vivo in RvD1 or RvD2 in the presence of hydrolase. We
implanted GL261 into the striatum of mice brain and after 6 days we treated intrathecally with 80ng

of RvD2 and HR17 every 4 days until 20 days of tumor growth. We also treated with temozolamide
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as a positive control. The slides were analyzed blinded by a pathologist and we found that
implanted tumors have characteristics similar to human glioblastomas, showing important
aggressive markers like: high mitotic index, nuclear pleomorphism, tumor cell infiltration, foci of
tumor necrosis and vascular proliferation, as showed on Figure 3A. On Figure 3 B and C is
demonstrated the tumor size of a control (B) and a HR17 treated.

Tumor treated with RvD2 and HR17 presented lower necrosis and vascular proliferation
comparing to controls as described on Figure 3 D. These data suggested less aggressiveness of these
treated tumors. Furthermore, tumors treated with HR17 also presented lower irregular margin and
different tumor sites Figure 3 D. Interestingly, tumors treated with HR17 showed a significant
reduction of mitotic index comparing to controls. Reduction of mitotic index of the tumor cells
caused by HR17 treatment was similar to the reduction caused by temozolamide treatment Figure 3
D. These results indicated that HR17 treatment is reducing tumor cell proliferation. This effect
could be associated with RvD2, since HR17 could be converted in RvD2 and RvD1.

It was also analyzed the percentage of the tumor area in relation to the total mice brain area.
Unexpectedly, we did not found any significant difference between the treatments and the control

regarding the tumor area reduction as showed on Figure 4.

RvD2 and HR17 induced activated caspase-3 in vivo

As RvD2 showed in vitro induction of apoptosis, we also investigated if the treatment with
RvD2 and its precursor, HR17, cause cell death by apoptosis in vivo. In order to verify that, tumor
slides were stained with activated caspase-3 antibody. Results showed that RvD2 treatment
presented significant higher percentage of activated caspased-3 positive cells comparing to control
(p<0.05) (Figure 4 A, B and D). In addition, treatment with HR17 presented an even higher
percentage of positive cells comparing to RvD2 treatment and control (Figure 4 C and D). These
results suggested that definitely RvD2 induced cell death by apoptosis in vivo; however the HR17 is

a more efficient treatment to cause this effect.
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Discussion

Here we demonstrated that RvD2 induced apoptosis of GL261 in vitro. In addition, RvD2
and HR17 treatment in vivo increased the number of caspase-3 activated positive tumor cells,
though did not affect tumor area. Interestingly, HR17 reduced tumor mitotic index in vivo.

Other anti-inflammatory mediators have demonstrated anti-tumor effects, such as lipoxin A4
(LXA4), which increased apoptosis in situ and inhibited the infiltration of macrophages in
hepatocarcinoma tumor tissue, causing the inhibition of VEGF (vascular endothelial growth factor)
and HIF1-a (hypoxia-inducible factor) (Chen, Hao et al. 2010). In our study, we found that RvD2
induced apoptosis of GL261 in vitro by increasing Annexin-V positive cells and in vivo by
increasing Activated caspase-3 positive cells. We believed that RvD2 binding to metabotropic
receptors expressed on GL261 mediated these effects. However, still need to be investigated which
receptor RvD2 binds on this present model by blocking specifically each one, interestingly, in a
colitis model, RvD2 don’t show dependence action from ALX/FPR2 receptor, so the action can be
by different celular targets and receptors (Bento, Claudino et al. 2011). HR17 in vivo treatment
showed more robust increased of activated caspases-3 tumor positive cells comparing to RvD2 and
these results could be attributed to a direct effect of HR17 triggering a different target or a synergic
effect of RvD1, since HR17 could be converted in RvD2 and RvD1. In addition, HR17 treatment
presented reduction of tumor mitotic index, indicating a cell proliferation modulation, which RvD2
treatment did not present. These results suggested that HR17 might have a mechanism of action
distinct from RvD2.

Histopathology, tumor biology, molecular profiles, and invasiveness are all important
characteristics to preserve in order to replicate glioma behavior in vivo. Histological diagnosis is
very important to patient prognosis and it is based on strict tumor characteristics: nuclear atypia and
mitotic activity (Association 2014, Oh, Fakurnejad et al. 2014). Proliferation rate of glioma,
reflected in their mitotic index, increases progressively from low to high grade. (Walker, Baborie et
al. 2011). HR17 reduced more number of histological aggressive markers than RvD2, especially
tumor mitotic index; this is one of the most important finding in our study. Consequently, we
believed HR17 could be a more potential future glioma treatment.

The amount of drug that can be administered to patients is limited by its high systemic
toxicity and numerous side effects. In addition, an endothelial cell monolayer, associated with

pericytes and astrocytes, known as the blood-brain barrier, separates the blood from the cerebral
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parenchyma and limits the penetration of drugs into the CNS (Brigger, Dubernet et al. 2002,
Beduneau, Saulnier et al. 2007). Therefore, it is important to study other treatment alternatives. In
our study, although RvD2 and HR17 induced apoptosis in vivo, it did not reduce the tumor area.
The narrow effect of the treatment over the tumor size maybe associated with the low drug dose
concentration administrated. However, we could not increase the dose due to volume limitation of
the administration rote used and to resolvin vehicle, alcohol that has CNS effects. We could choose
other systemic drug administration rote, however it would difficult to predict the precise amount of
resolvins was reaching the CNS. The use of polymeric nanocapsules was described to increased the
intratumoral bioavailability of indomethacin and reduce the growth of implanted glioma (Bernardi,
Braganhol et al. 2009). So, one solution to optimize the concentration and improve the effect of
resolvin treatment might be the use of nanocapsules or other new drug delivery system.

It is demonstrate protective actions of resolvins of the D series in chronic and acute
inflammatory diseases such as peritonitis, ischemia and sepsis. These resolvins action involve both
limitation of PMN infiltration and increased phagocytosis by macrophages (Krishnamoorthy,
Recchiuti et al. 2010). There is an early relation between inflammation and proliferation capacity of
the tumor, so we have to find the better time point that predate the formation of pro-tumoral
inflammation microenvironment. Maybe the resolvins, like other lipidic mediators, have an exactly
time to act with effectiveness within the course of inflammation process. Moreover, tumors are
typically infiltrated predominantly by macrophages and lymphocytes, and other immune cells (Wei,
Wu et al. 2011, Ye, Xu et al. 2012). This infiltration of immune cells can be analyzed and indicates
if it is happening or an antitumor immune response, even if the tumor suppressed the immune
response (de Souza and Bonorino 2009). One study showed that M2 phenotype macrophage, an
anti-inflammatory cell, accumulate in experimental glioma (Gabrusiewicz, Ellert-Miklaszewska et
al. 2011). So, other variable need to be analyzed is the relation resolvin-macrophages-tumor.

NF-kB is involved in mediating the inflammatory and immune response, are also linked to
many cancers, including GBM (McFarland BC 2013). Importantly, IL-6 and TNF-a are constantly
produced in the tumor microenvironment, both in tumor cells and infiltrating immune cells, which
results in chronic activation of NF-kB in an autocrine and paracrine manner (Karin 2006,
McFarland BC 2013). The action of resolvins through their receptors could modulate this
transcription factor. In vivo expression of resolvins receptors and the transcription factors may

change, and we still need to investigate that in our model.

We concluded based in our findings that RvD2 and HR17 have a potential role in inducing

apoptosis in murine glioma cells.
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Figure 1: GL261Cell death analysis after in vitro resolvin treatment. Cells were treated with 900nM of Resolvin D2
(RvD2) for 24h, and then staining with Annexin V and Propidium lodide (PI). Cells treated showed morphology
changes (A); Flow cytometric graphs showing the frequency of Annexin V and Pl positive cells (B and C), p< 0.0001.



31

>
™

157 0.8-
&) —
< 2
0.6
S 101 g
A =%
a o
= S 0.4
& ]
3} 1S
o 27 e
2 o 0.2
© x
[}
@
. 0.0-
FPR2 CMKLR1 LTB4R1 FPR2 CMKLR1 LTB4R1

Figure 2: Resolvin receptors expression in GL261 and macrophages. (A) relative expression of FPR2, CMKLR1 and

LTB4R1 mRNA. (C) Comparative expression of the receptors between GL261 and macrophages.
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D
Control(n=4) RvD2(n=4) HR17(n=4) Temozolamide (n=4)
Irregular margin 02/04 (50%) 02/04 (50%) 01/04 (25%) 02/04 (50%)
Necrosis 04/04 (100%)  03/04 (75%)  03/04 (75%) 02/04 (50%)
Vascular proliferation 04/04 (100%)  02/04 (50%) 01/04 (25%) 02/04 (50%)
Diferent tumor sites 02/04 (50%)  02/04 (50%)  01/04 (25%) 01/04 (25%)
Mitotic index 6.85 +1.605 5.60+0.739  4.32+1.072* 3.70 +0.559**

Figure 3: Histophatological characteristics of mouse glioblastoma. Representative slide of tumor histopathological

characteristic: atypical mitosis, necrosis and vascular proliferation (A). Tumor size on control (B) and on HR17 treated

tumor (C). The histological variables (irregular margin, necrosis, vascular proliferation and different sites) were
regarded as present or absent. Mitosis was counted in ten high power field (HPF) of the periphery of the tumor, and the
average of this counting was used as mitotic index (mean xS.D) (D). *Significant different from the control

(p<0.005).**Significant different from the control (p<0.005).
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Figure 5: Immunohistochemical staining of activated caspases-3 in implanted gliomas. The sections of implanted
mouse glioma were stained with activated caspases-3, as described. Intense staining of activated caspases-3 is seen in
the cytoplasm of tumor cells. Representative pictures of immunohistochemical analysis in mouse implanted with
gliomas (control group) (a) and in mouse implanted with gliomas and treated with RvD2 (B) and HR17(C);
quantification of staining (D); One way ANOVA, p< 0.0001.
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6 Consideracoes finais

Segundo a literatura, a origem celular de gliomas continua sendo um tema aberto. Uma
hipdtese é que surgem a partir da transformacdo neoplasica e da diferenciacdo de células maduras
da glia, oligodendrdcitos, astrocitos e celulas ependimais, dando origem a tumores que se
assemelham a estas células. Atualmente, nenhuma classificacdo histopatoldgica nem caracterizagdo
genética molecular tem sido capaz de predizer ou explicar a resisténcia apresentada pela maior parte
dos gliomas a radioterapia e quimioterapia, e ainda a recidiva precoce daqueles que ndo respondem

a terapia.

Neste estudo demonstramos o papel da resolvina RvD2 e de seu precursor HR17 na inducéo da

apoptose das células de glioma. Um dos resultados mais promissores do estudo foi a reducdo dos
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marcadores histologicos de agressividade do tumor em consequéncia do tratamento com HR17,

especialmente o indice mitotico.

Desta forma, nés podemos propor o uso de resolvinas e seu precursor HR17 como um
tratamento para uso ap0s resseccao cirrgica para inibir o crescimento de células resistentes. E para
comprovar a acao antitumoral das resolvinas da série D, devem-se realizar testes com maior n de

animais de experimento.
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