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Resumo

O cancer de ovario apresenta elevada incidéncia em mulheres nos periodos de pds-
menopausa e, devido ao seu diagnéstico tardio e baixo progndstico, ¢ a quinta causa mais
comum de morte por cancer em mulheres. A doenca responde inicialmente aos tratamentos
convencionais, retardando o crescimento da massa tumoral, porém, com o tempo, muitas
mulheres desenvolvem quimioresisténcia, frequentemente relacionada ao processo inflamatorio,
e a doenca recorre. As imunoterapias tém sido propostas como uma alternativa complementar ao
tratamento dos tumores de ovario, apesar de sua eficacia ainda nao estar totalmente comprovada.
O imunomodulador P-MAPA (agregado polimérico de fosfolinoleato-palmitoleato de magnésio
e amonio proteico) ¢ um biopolimero que tem apresentado efeitos significativos sobre
componentes do sistema imunolédgico, sendo capaz de estimular os receptores celulares toll-like
(TLR), particularmente TLR2 e TLR4, e também a producgdo de linfocitos T, citocinas como a
IL-2 e IFN-y, além de promover o aumento da atividade das células natural killers (NKs). Por
sua vez, a interleucina (IL)-12 tem sido administrada em pacientes com tumores sélidos,
incluindo os de ovario, na tentativa de estimular a resposta inflamatéria polarizada T helper 1
(Th1l), aumentando a producdo de interferon-gama (IFN-y). No entanto, o efeito direto desses
dois agentes imunoterapéuticos nas células do cancer de ovario, importante constituinte do
microambiente tumoral, permanece sem ser estudado. Desta forma, o objetivo deste trabalho foi
analisar o efeito dos tratamentos com P-MAPA e IL-12, isolados ou em associagdo, na
tumorigenicidade e processo inflamatorio na linhagem de células SKOV-3 de carcinoma
ovariano. Apesar de ndo promoverem a morte celular, os compostos P-MAPA e IL-12
diminuiram a atividade metabolica das células em aproximadamente 20% quando administrados
isoladamente ou em associacdo. A combinacdo P-MAPA+IL-12 diminuiu os niveis de MyD88,
IRF3 ¢ NF-«B, possivelmente reduzindo a quimioresisténcia ligada ao processo inflamatdrio
mediado por TLRs. Além de reduzir os niveis de TLR2, a terapia com P-MAPA estimulou a
secregdo de IL-3, IL-9, IL-10, CCL22 e CCL5. Além disso, o P-MAPA aumentou
significativamente a sensibilidade das células SKOV-3 ao paclitaxel. Finalmente, a analise
protedmica global demonstrou o efeito da combinagdo P-MAPA+IL-12 na regulagdo de
importantes proteinas estruturais e envolvidas em processos metabdlicos e energéticos. Entre
elas, proteinas envolvidas em juncao celular, adesdo focal metabolismo de RNA e funcao
ribossomal tiveram seus niveis aumentados ap6s tratamento com a associagao P-MAPA-+IL-12.
Por sua vez, proteinas relacionadas a sinalizacao celular, processos mitocondriais e energéticos e
a via de sinalizagdo Wnt apresentaram-se diminuidas. Desta forma, a imunoterapia com P-
MAPA e/ou IL-12 representa uma alternativa terapéutica promissora no combate ao cancer de
ovario, demonstrando efeito direto nas células tumorais, além do efeito imunomodulatério ja

conhecido nas células do sistema imune.

Palavras-chave: cancer de ovario, SKOV-3, P-MAPA, IL-12, imunoterapia, TLR, proteoma.
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Capitulo 1

Introducdo

Ovarios

Os ovarios sdo orgdos ovoides pares, localizados na cavidade pélvica feminina. Estdo
normalmente localizados préximos a fixagao do ligamento largo do utero nas paredes laterais da
pelve. Fazem contato com as tubas uterinas e o utero, conectados pelo ligamento largo do utero,
que por sua vez ¢ formado por trés partes: mesométrio, mesossalpinge e mesovario. Sdo as
gonadas femininas, responsaveis pela produgcdo dos gametas femininos (oocitos), além de
possuirem funcao de glandula enddcrina, produzindo hormoénios como o estrogeno e a
progesterona. Antes da primeira ovulagdo, o ovério apresenta-se liso e roseo, porém torna-se
branco-acinzentado e rugoso devido a fibrose e distor¢do progressiva decorrentes dos repetidos
processos ovulatorios (DANGELO & FATTINI, 2007). A superficie do ovario ¢ coberta por um
epitélio germinativo, de tecido epitelial pavimentoso ou cubico simples, seguida por uma camada
de tecido conjuntivo denso, a tunica albuginea. Abaixo da tunica albuginea encontra-se a regiao
cortical, onde predominam os foliculos ovarianos, que sdo o conjunto do ovdcito e das células
que o envolvem. A parte mais interna do ovario contém tecido conjuntivo frouxo e um rico leito

vascular, sendo denominada regido medular (JUNQUEIRA & CARNEIRO, 2013).

Cancer de ovario: incidéncia, fatores de risco, classificagdo e tratamento

O cancer de ovario ¢ o quinto tipo de cancer mais letal entre todos aqueles que acometem
as mulheres, sendo o mais letal entre os canceres que acometem o sistema genital feminino
(SIEGEL et al., 2019) (Figura 1). Estima-se que, até o final de 2019, serdo diagnosticados
22.530 novos casos de cancer de ovario e ocorrerao 13.980 obitos em decorréncia da doenca nos
Estados Unidos (SIEGEL et al., 2019). No Brasil, para cada ano do biénio (2018-2019) sao
previstos 6.150 novos casos da doenca, que causou Obito de aproximadamente 3.771 mulheres
no ano de 2016, segundo o Instituto Nacional do Cancer (INCA, 2019). Os sintomas
relacionados ao cancer de ovario sdo comumente inespecificos € costumam ser ignorados, ou
tratados de forma a eliminar desconfortos. Os sintomas mais freqiientes sao aumento do volume
abdominal, dor abdominopélvica persistente, dificuldade na alimentagdo e aumento da urgéncia
ou freqiiéncia urindria (LEDERMAN et al., 2013). Associado a inespecificidade dos sintomas, a
falta de métodos de diagnostico precoce para esse tipo de cancer resultam em um alto indice de
pacientes diagnosticadas com a doenga em estagio avangado, fato que esta associado a alta taxa

de mortalidade relacionada ao cancer de ovario (JESSMON et al., 2017). De fato, quando as
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mulheres sdo diagnosticadas precocemente, cerca de 90% sobrevive por periodo maior que cinco
anos pos-diagnostico. No entanto, a taxa de sobrevida ap6s 5 anos do diagnostico € de 65% para
tumores em estagio II, 34% para tumores em estagio III e de apenas 15% para pacientes com

tumor em estagio I'V do desenvolvimento (USACH et al., 2015).

Estimated Deaths

Males Females

Lung & bronchus 76,650 24% ’ Lung & bronchus 66,020 23%

Prostate 31,620 10% . Breast 41,760 15%

Colon & rectum 27,640 9% y Colon & rectum 23,380 8%

Pancreas 23,800 7% Pancreas 21,950 8%

Liver & intrahepatic bile duct 21,600 7% Ovary 13,980 5%
Leukemia 13,150 4% Uterine corpus 12,160 4%

Esophagus 13,020 4% | Liver & intrahepatic bile duct 10,180 4%

Urinary bladder 12,870 4% Leukemia 9,690 3%
Non-Hodgkin lymphoma 11,510 4% Non-Hodgkin lymphoma 8,460 3%
Brain & other nervous system 9,910 3% Brain & other nervous system 7,850 3%
All Sites 321,670 100% g All Sites 285,210 100%

Figura 1. Estimativa dos dez tipos de cancer com maior nimero de mortes, por sexo, para o ano de 2019. O cancer
de ovario figura como a quinta maior causa de morte em decorréncia do cancer nas mulheres. Fonte: SIEGEL et al.,

2019.

O cancer de ovario ¢ relativamente raro em mulheres com menos de 40 anos e, a partir

dessa idade, o risco de desenvolvé-lo aumenta até atingir o pico de incidéncia por volta dos 70
anos de idade (WEBB et al., 2017). E bem estabelecido que mulheres com histérico familiar de
cancer de ovario possuem maior risco de desenvolver a doenga. O risco para aquelas que
possuem pelo menos um parente de primeiro grau com diagndstico dessa malignidade ¢
aproximadamente trés vezes maior comparado aquelas sem historico familiar (STRATTON et
al., 1998). A presenca de mutagcdes no gene BRCA1 também parece favorecer o surgimento de
tumores ovarianos, apresentando risco 40-50% maior em mulheres com idade préoxima aos 70
anos, enquanto o risco associado a mutagdes do gene BRCA2 ¢ de, aproximadamente, 10-20%
(BOYD et al., 2003). Outros conhecidos fatores de risco ao desenvolvimento do cancer de ovario
sdo aqueles relacionados ao nimero de processos ovulatorios. Neste sentido, a menopausa tardia
e a menarca precoce estdo associadas a maior incidéncia da doenga e o uso continuo e
combinado de contraceptivos orais parece funcionar como um fator protetor (WENTZENSEN et
al., 2016; WEBB et al., 2017). Da mesma forma, a nuliparidade coloca as mulheres sob maior
risco de desenvolvimento dessa patologia, enquanto aquelas com pelo menos uma gravidez bem
sucedida possuem risco diminuido de forma proporcional ao nimero de filhos — probabilidade de
10-20% menor de ocorréncia a cada filho nascido (WENTZENSEN et al., 2016). Aliado a estas
11



evidéncias, a amamentacao também diminui cerca de 20-25% o risco de surgimento do cancer de
ovario, estando esse cada vez mais diminuido quanto maior o tempo de amamentacido (LUAN et
al., 2013). Entre outros fatores, a terapia hormonal pds-menopausa, principalmente aquelas que
usam exclusivamente estrogeno, € a presenca de condi¢des associadas a processos inflamatorios,
como endometriose ¢ sindrome do ovario policistico, estdo correlacionados positivamente com a
incidéncia de tumores ovarianos (WENTZENSEN et al.,, 2016; WEBB et al, 2017, LA
VECCHIA et al., 2017).

Segundo a classificagdo do Comit€é de Oncologia Ginecoldgica da Federagao
Internacional de Ginecologia e Obstetricia (FIGO), o cancer de ovario pode ser classificado em
quatro estagios: estagio I, quando o tumor estd confinado aos ovarios; estagio II, quando o tumor
acomete um ou ambos 0s ovarios e apresenta extensdo para a cavidade pélvica; estagio III,
quando o tumor acomete um ou ambos os ovarios, tem indicios cito ou histologicos de ter se
disseminado para o peritonio abdominal e/ou promove metastase para os linfonodos
retroperitoneais; estdgio IV, quando o cancer apresenta metastases em orgdos mais distantes,
além dos implantes peritoneais (DUSKA et al., 2017; BEREK ef al., 2018). O cancer de ovario
¢, na verdade, um termo pouco especifico usado para uma grande variedade de tumores que
envolvem a gonada feminina. Pode ser classificado de trés formas distintas: carcinoma epitelial,
de células germinativas e de células estromais, dos quais o carcinoma epitelial ¢, de longe, o
mais frequente e impactante (KROEGER et al., 2017). Por muito tempo, as teorias mais aceitas
para o surgimento e desenvolvimento desses tumores sugeriram que este se originava de novo ou
devido as ovulagdes incessantes, que causam ciclos repetidos de lesdo, inflamagdo e cicatrizacao.
No entanto, a grande diversidade de aspectos clinicopatolégicos e perfis moleculares dos
diferentes tumores epiteliais que acometem o ovario levaram ao surgimento de um modelo
dualistico de caracterizacdo que acomodou a grande heterogeneidade de lesdes, uma vez que
tumores mais agressivos parecem se originar fora do 6rgdo, principalmente nas tubas uterinas
(KURMAN & SHIH, 2011). Desta forma, o grupo de tumores tipo I € composto por: carcinoma
seroso de baixo grau, carcinoma endometrioide de baixo grau, carcinoma de células claras e
carcinoma mucinoso, todos eles se desenvolvendo a partir de etapas bem definidas que se
iniciam com uma lesdo precursora, como tumores borderline ou endometriose (crescimento
endometrial em regides externas ao utero, como tubas uterinas e ovarios). Tumores do tipo |
caracterizam-se por apresentarem crescimento lento, desprovido de dor e bom prognoéstico, além
de normalmente estarem confinados no ovario. Sdo relativamente estaveis geneticamente,
apresentando uma sequéncia de mutagdes caracteristicas que incluem KRAS, BRAF, PTEN e
ARIDIA, mas que raramente envolvem o gene 7P53 (SHIH & KURMAN, 2004; JONES et al.,
2010; WIEGAND et al., 2010; KURMAN & SHIH, 2011). Por sua vez, os tumores epiteliais de
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ovario do tipo Il s3o compostos por: carcinoma seroso de alto grau, carcinoma endometrioide de
alto grau, carcinosarcomas (tumores mesodérmicos) e carcinomas indiferenciados. Geralmente
se apresentam em estagio avangado no diagndstico (> 75% dos casos), apresentam rapido
crescimento e alta malignidade. Esses tumores apresentam altissima instabilidade genética e
carregam mutacdes do gene 7P53 em mais de 95% dos casos, raramente possuindo alguma das
mutagdes caracteristicas dos tumores de tipo [ (AHMED et al., 2010).

Dos tumores de ovario diagnosticados, cerca de 80-90% sdo tumores epiteliais, a maioria
deles em estagio avancado (II-IV) (JESSMON et al., 2017). Dentre as alternativas de estudo da
tumorigenicidade e das respostas a tratamentos, a cultura celular € uma das mais eficientes
atualmente por apresentar alta reprodutibilidade dos experimentos e permitir maior autonomia e
agilidade na conduc¢do dos procedimentos experimentais. A linhagem de células de cancer de
ovario humano SKOV-3 (Figura 2) estd entre as mais utilizadas mundialmente em pesquisas
cientificas sobre tumores epiteliais ovarianos. As células SKOV-3 sdo derivadas do fluido de
ascite peritoneal de uma paciente caucasiana, de 64 anos, diagnosticada com cancer de ovario em
1973. Essa linhagem ¢ resistente a uma variedade de substancias, como fatores de necrose
tumoral, adriamicina e cisplatina e apresenta alto potencial de proliferagao e invasdo. Sendo
assim, as células SKOV-3 representam uma boa alternativa para o estudo do cancer de ovario,
uma vez que representam o mais frequente dos tumores, possuindo tumorigenicidade compativel

com lesoes de estagio avancado.

ATCC Number: HTB-77 ™
Designation:  SK-OV-3 [SKOV-3]

<j\ £ WX
Low Density Scale Bar = 100um High Density Scale Bar = 100pm

Figura 2. Células SKOV-3. Fonte: ATCC, 2018.
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As atuais opgOes de tratamento para o cancer de ovario incluem quimioterapia,
radioterapia, cirurgia de remogdo e imunoterapia, dependendo do estidgio tumoral e de exposicao
prévia a outras terapias. Pacientes diagnosticadas no estigio inicial da doenga sdo
frequentemente tratadas com cirurgia e administragao de quimioterapia com derivados de platina
(cisplatina ou carboplatina), enquanto nos estagios mais avancados da doenga, o tratamento mais
comum ¢ a quimioterapia combinada, comumente com derivados da platina associados aos
derivados do taxol (paclitaxel) (JESSMON et al., 2017). De fato, o atual protocolo de tratamento
para carcinomas epiteliais de alto grau foi estabelecido a mais de quinze anos atrds e consiste na
administracao de 75 mg/m? de cisplatina associada a 135 mg/m? de paclitaxel por 24 h a cada
trés semanas, repetidos até que se completem seis ciclos terapéuticos (MARKMAN, 2003),
tendo sido recentemente proposto que a quimioterapia ocorra apds cirurgia de citorreducao
(MATULONIS et al., 2016; LISIO et al., 2019). Terapias alternativas para esses tumores tém
sido testadas, mas nenhuma foi aplicada de forma consistente como uma segunda escolha para o
combate da doenga. Desta forma, apesar de cerca de 70% dos pacientes com carcinoma ovariano
responderem inicialmente ao protocolo de tratamento padrdo, estima-se que cerca de 80% deles
apresentardo recorréncia da doenga em algum estdgio do tratamento, adquirindo
quimiorresisténcia aos principais derivados de platina e taxol (BAST et al., 2009; MATULONIS
et al., 2016). Entre diversas vias pelas quais se supde que os tumores de ovario adquiram
resisténcia aos agentes terap€uticos, uma das mais evidentes atualmente tem sido a via de

sinalizacdo inflamatéria dos receptores toll-like (TLRs).

Via de sinaliza¢do dos TLRs

A imunidade inata ¢ a primeira resposta organizada pelo organismo a um desafio
imunolégico e envolve importantes células do sistema imune, como macréfagos, granuldcitos,
células dendriticas e células natural killer (NK). Ao serem desafiadas por um antigeno, essas
células sdo capazes de organizar uma resposta para elimind-lo através de uma série de
mecanismos, como a fagocitose, geracdo de espécies reativas de oxigénio e outros sinais pro-
inflamatorios (MUCCIOLI et al, 2012). Os TLRs compde uma familia de receptores
transmembrana do tipo I dotados de: um ectodominio rico em leucina capaz de reconhecer
ligantes, um dominio transmembrana, ¢ um dominio TIR (7oll-interleukin I receptor domain)
intracelular responsavel pela transdugdo do sinal e ativacao da cascata de sinalizagdo (ROCK et
al., 1998; KAWAI & AKIRA, 2010) (Figura 3). S3o receptores especializados em
reconhecimento de padrdes moleculares associados a patogenos (PAMPs — pathogen associated
molecular patterns), como lipidios, proteinas e lipoproteinas derivadas de microorganismos, €

padrdes moleculares associados ao dano celular (DAMPs — damage-associated molecular
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patterns), como chaperonas e componentes da matriz extracelular, em sua grande maioria
provenientes de tecidos em estagio de necrose (NEWTON & DIXIT, 2012; DAJON et al.,
2017).

MyD88-dependent signalling pathway MyD88-independent signalling pathway
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Figura 3. Via de sinalizacdo candnica e ndo-candnica dos TLRs. Fonte: PATEL et al., 2012.

Ja foram descritos dez genes (TLR1 — TLR10) e trés pseudogenes (TLR11, TLRI2 e
TLR13) codificadores desses receptores. Uma vez que reconhecem seus ligantes, a transdugdo
do sinal se inicia com a dimerizacdo e ativagao dos dominios TIR, que formam uma espécie de
plataforma de recrutamento de moléculas adaptadoras. Este processo leva a ativagdo de uma
complexa cascata de sinalizacdo que termina com a ativacdo de fatores transcricionais e,
finalmente, ao aumento na produgdo de fatores pro-inflamatérios (MUCCIOLI et al., 2012;
DAIJON et al., 2017). As principais moléculas adaptadoras capazes de se associar ao dominio
TIR dos TLRs sao: MyD88 (myeloid differentiation primary response gene 88), TIRAP (TIR
domain-containing adapter protein) ou Mal (MyDS88-adaptor like), TRIF (TIR domain-
containing adaptor inducing interferon), TRAM (TRIF-related adaptor molecule) e SARM
(armadillo-motif containing protein) (BASITH et al., 2011). Muitos estudos t€m demonstrado

que cada TLR possui vias individuais, que convergem para duas cascatas de sinalizacdo, uma
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dependendente de MyDS88 (candnica) e outra dependente de TRIF (ndo-canonica) (TAKEDA &
AKIRA, 2015). Os principais TLRs envolvidos na via de sinalizagdo dependente de MyD88 sao
TLR2 e TLR4. Quando estimulados, esses receptores modificam seus dominios TIR com os
quais as moléculas adaptadoras MyD88 estdo associadas. O recrutamento destas leva a
fosforilagdo e ativagdo de variados fatores intermediarios, como IRAK-4, IRAK-1, TRAF6 ¢
IKKs, que resultam na ativagdo dos importantes fatores de transcrigdo AP-1 e NF-xB (nuclear
factor-kappa B) (AKIRA & TAKEDA, 2004). O NF-«B compreende uma familia de fatores que
regulam a transcrigdo de diversos genes inflamatérios e estimulam a producdo de citocinas,
quimiocinas e agentes antiapoptoticos e de resposta ao estresse, como fatores de crescimento e
pré-angiogénicos (LI et al., 2002). Além da via de sinalizagdo canonica, a ativagdo de TLR4
também ¢ capaz de desencadear a via dependente de TRIF, na qual esta molécula estd associada
ao dominio TIR do TLR4 e seu estimulo resulta no aumento dos niveis de IRF3 (interferon
regulatory factor 3) (FITZGERALD et al., 2003). Por sua vez, niveis aumentados de IRF3
levam ao aumento da producdo de interferons (IFNs) e ativagdo da atividade citotdxica de
linfécitos e células NK (MUCCIOLI et al., 2012).

Além de sua caracteristica expressdao em cé¢lulas do sistema imune, os TLRs também sao
encontrados em outras cé€lulas, inclusive células endoteliais e epiteliais, a fim de funcionar como
um primeiro mecanismo de defesa em mucosas (MEDZHITOV et al., 1997; HOPKINS &
SRISKANDAN, 2005). Especificamente no ovario, sdo altamente expressos os subtipos TLR2,
TLR3, TLR4 e TLRS, tanto no epitélio saudavel, quanto naquele relacionado as neoplasias
ovarianas (ZHOU et al., 2009). Desta forma, apesar de seu importante papel na ativagdo da
resposta imune e potencial funcdo protetora nas mucosas, a expressdo dos TLRs no
microambiente tumoral tem sido amplamente discutida na literatura como um fator favoravel ao
desenvolvimento do cancer. Utilizando dos DAMPs provenientes, principalmente, de células
necroticas como fator de estimulo endogeno, a hiperativagdao desses receptores em tumores de
ovario mantém um microambiente pro-inflamatério, estando relacionado ao aumento das
citocinas indutoras de inflamagdo cronica, supressdao da resposta imune e quimiorresisténcia
(SATO et al., 2009; ZHOU et al., 2009; GATA & LAURENTIU, 2017). De fato, o maior
impacto causado pela ativagdo das vias de sinalizagdo dos TLRs ¢ o aumento da expressdo de
MyD88 e NF-kB, estando os niveis aumentados dessas duas moléculas diretamente relacionados
com diminuicdo da expectativa de vida pds-diagnoéstico, além da maior tumorigenicidade ja
discutida anteriormente (ZHU et al., 2012; D’ADHEMAR et al., 2014).

O paclitaxel ¢ uma das primeiras escolhas para o tratamento do cancer de ovario, no
entanto também ¢ um agonista de TLR4 e seu efeito na ativacdo da via de sinalizagdo

TLR4/MyD88 tem sido sugerida como um importante fator na aquisicdo de resisténcia ao
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tratamento (HUANG et al., 2005; ZHU et al., 2012). Estudos ja demonstraram que células de
tumores epiteliais do ovario que ndo expressam essa via de sinalizacdo s3o mais responsivas a
estimulos pro-apoptdticos e, consequentemente, sdo menos agressivos. De forma contréria,
quando células negativas para MyD88 sao transfectadas com a molécula adaptadora passam a
apresentar resisténcia ao tratamento com paclitaxel (YANG et al., 2010; CHEN et al., 2012). No
que se refere as linhagens celulares de cancer de ovario, as células SKOV-3, que possuem a via
de sinaliza¢do do TLR2 e TLR4 ativas, sdo mais resistentes ao tratamento com paclitaxel quando
comparadas as células A2780, que ndo expressam atividade dessa via de sinalizagao (ZHU et al.,
2012). Esses achados sugerem fortemente que sao necessarias novas alternativas terapéuticas
para o cancer de ovario, sendo uma promissora possibilidade o uso de compostos capazes de
modular a via de sinalizagdo dos TLRs, inclusive como terapias adjuvantes que restaurem a

sensibilidade aos principais quimioterapicos.

Propriedades antitumorais do P-MAPA e IL-12

Avangos no uso de imunoterapias tém sido descritos para o tratamento de diversos tipos
de cancer, entre eles o cancer de ovario. Uma diversidade de modalidades de tratamento tém sido
exploradas, entre elas: o uso de imunomoduladores (e.g. CTLA-4, moduladores de PD-1 e PD-
L1), terapias baseadas em anticorpos (e.g. bevacizumab, cetuximab) e vacinas contra o cancer
(KRISHNAN et al., 2017). O P-MAPA (agregado polimérico de fosfolinoleato-palmitoleato de
magnésio e amonio proteico, Farmabrasilis®) ¢ um biopolimero com propriedades
imunomoduladoras, sendo uma molécula produzida através da fermentagdo do fungo A4. oryzae.
O P-MAPA tem sido utilizado experimentalmente em pesquisas envolvendo o cancer de bexiga,
e vem apresentando bom prognodstico e baixa toxicidade (auséncia de hepatotoxicidade e
nefrototoxicidade). Seu principal mecanismo de acdo ¢ o aumento dos niveis da proteina p53,
que possui atividade regulatoria sobre os TLRs e esta diretamente associada com o grau de

agressividade do tumor (FAVARO et al., 2012) (Figura 4).

X388 SOMum

Figura 4. Micro e nanocristais de P-MAPA. Fonte: FARMABRASILIS, 2008.
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O P-MAPA ¢ um modificador de resposta bioldgica que apresenta efeitos significativos
sobre componentes do sistema imunologico, sendo capaz de estimular os receptores TLR2 e
TLR4, e aumentar a producdo de linfocitos T, de citocinas como a IL-2 e o IFN-y, além de
promover o aumento da atividade das células natural killers (NKs), com concomitante producao
e liberagcdo de 6xido nitrico pelos macrofagos (FARMABRASILIS, 2008). As citocinas tem a
capacidade de regular as fungdes de proliferacdo, apoptose e diferenciacdo celular, sendo
produzidas por vérios tecidos e células, incluindo a célula tumoral. Em estudos clinicos com
portadores de HIV, o P-MAPA levou ao aumento dos linfécitos T CD4+ e CD8+ e de
granulocitos, trazendo-os de volta a normalidade. Resultados semelhantes foram encontrados em
pesquisas experimentais, indicando que o P-MAPA possui capacidade de estimular o sistema
imune (FARMABRASILIS, 2008). Estudos recentes in vivo € in vitro sugerem que o P-MAPA
atua na modulagdo da resposta imune em tumores malignos, restaurando a imunocompeténcia
celular (FAVARO et al., 2012). Em modelo de cancer de ovario experimental, o tratamento com
P-MAPA reduziu o volume tumoral, aumentou a taxa de sobrevida dos animais e potencializou a
via mediada por TLR4 na presenca de cisplatina (CHUFFA et al., 2018). Recentemente,
demonstrou-se que o P-MAPA ¢ capaz de reduzir a migracao e invasao de células SKOV-3 do
cancer de ovario, além de diminuir os niveis de MyD88, IRF3 ¢ NF-kB p65 nessas células.
Quando associado com paclitaxel, o P-MAPA aumentou a sensibilidade das células de cancer de
ovario ao tratamento, sugerindo que esse composto pode apresentar efeito contra a
quimiorresisténcia associada a via de sinalizagdo dos TLRs (LUPI et al., 2019). Desta forma, o
P-MAPA pode apresentar resultados promissores como estratégia terapéutica adicional aos
tratamentos padrdes contra o cancer de ovario, tornando-se relevante elucidar a sua agao direta
nas células tumorais, ja que apresenta baixa toxicidade e pode ser de grande valor para os casos
de quimioresisténcia aos tratamentos convencionais.

A interleucina 12 (IL-12) (Figura 5) ¢ uma citocina relacionada com a imunidade inata e
adaptativa (TRINCHIERI, 1995). E produzida pelas células apresentadoras de antigenos (APCs),
linfécitos B, células dendriticas e outras. A IL-12 atua sobre as células T e NK estimulando a
atividade de linfocitos citotdxicos e induzindo proliferacio e producdo de citocinas,
especialmente o IFN-y (COLOMBO & TRINCHIERI, 2002). Além disso, a [L.-12 ¢ a citocina
responsavel pela diferenciagdo da resposta polarizada Thl, que por sua vez, também resulta na
produgdo de IFN-y. O IFN-y aumenta a habilidade das APCs em produzir IL-12 (MA et al.,
1996) atuando como um potente feed-back positivo em varias respostas celulares. SMYTH et al.
(2002) mostraram que altas doses dessa citocina levam a inducdo da imunidade tumoral mediada
por células NKs, enquanto baixas doses ndo mostraram atividade anti-tumoral. Importantemente,

diversos estudos experimentais tém apontado que a administragdo sistemadtica de IL-12 leva a
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resposta imune antitumoral, principalmente através do aumento da producdo de IFN-y.
Especificamente no cancer de ovario recorrente, o tratamento intravenoso com IL-12 mostrou ser
uma estratégia funcional benéfica (HURTEAU et al., 2001). Nesse estudo, apds os ensaios pré-
dosagens para limitar a toxicidade, pacientes receberam 250 ng/kg de IL-12 em dose unica,
seguido por um intervalo de duas semanas, com ciclos subsequentes de administragdo durante

cinco dias consecutivos, seguido de intervalo de 16 dias, até alcancar a regressdao do tumor.

Figura 5. Estrutura quaternaria da IL-12. Fonte: dominio publico (Protein data bank, PDB:1F45)

As células T NK tém seu papel bem estabelecido na imunidade tumoral (SMYTH et al.
2002), apesar de estudos adicionais serem necessarios para sua aplicabilidade terapéutica. A
terapia antitumoral mediada por IL-12 também esta relacionada com ativagao dessas células T
NK em camundongos (CUI et al. 1997), e seu uso como agente imunoterapéutico parece
potencializar a rejeicdo tumoral, conforme ja descrito em modelos experimentais de tumores
como melanoma, timoma e sarcoma (KAWANO et al. 1997, SMYTH et al. 2002). Em modelo
de cancer de ovario murino, o tratamento com IL-12 (0.33 mcg/dia, via i.p., durante 20 dias)
resultou em redugdo no crescimento tumoral com aumento no nimero de células NK agrupadas
em seu interior (SILVER et al. 1999). Diante desse cenario, a IL-12, associada ou nao com P-
MAPA, também pode representar uma importante alternativa como agente adjuvante no combate

a diversos tipos de cancer, inclusive o cancer de ovario.
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Hipotese e relevancia do tema

Considerando que mecanismos ainda desconhecidos que participam do desenvolvimento
e progressao do cancer de ovario possam estar diretamente associados a inflamagdo e ao sistema
imune, e tendo a propdsito as terapias adjuvantes como ferramentas tuteis no entendimento dos
aspectos moleculares que controlam a carcinogénese do ovario, o presente estudo visa explorar
in vitro os caminhos que predispde ao processo inflamatério mediado por TLR2 ¢ TLR4. E bem
sabido que os quimioterapicos, como os derivados da platina e o taxol, desempenham atividades
fundamentais no controle do crescimento tumoral, porém, de forma stbita, muitas mulheres
desenvolvem quimioresisténcia ao tratamento e a progressdo tumoral avanga
descompensadamente. Esse mecanismo de quimioresisténcia estd ligado diretamente a
modulacdo do processo inflamatério e pode levar a paciente a dbito. Portanto, o presente estudo
visa ressaltar duas questdes: 1) Sera que o imunomodulador P-MAPA exerce acdo sobre
mediadores inflamatorios e o sistema imune associado ao cancer de ovario? 2) Neste contexto,
poderia 0 P-MAPA potencializar a resposta da IL-12 sobre a via mediada por TLR no céancer de
ovario?

O uso de imunoterapias adjuvantes tem-se mostrado eficiente na reducao dos efeitos
deletérios em varios tipos de cancer. A terapia com P-MAPA possui importante acao
moduladora sobre alguns mediadores do processo inflamatério em tumores solidos, podendo
favorecer o prognostico da doenga, auxiliar no bem estar do paciente e, principalmente, no
entendimento dos mecanismos que geram quimioresisténcia aos tratamentos. Ademais, a melhor
compreensdo desses efeitos poderd trazer novas perspectivas para o entendimento dessa
patologia. Desse modo, a avaliagdo do cancer de ovario, sob o ponto de vista inflamatério, € o
papel dos compostos P-MAPA e IL-12 como estratégia terapéutica na atenuagdo desse processo
vislumbram potenciais abordagens que podem auxiliar no desenvolvimento de novas ferramentas

de combate a essa doenga.
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Objetivo geral

Avaliar o efeito dos tratamentos com o imunomodulador P-MAPA e IL-12 isoladas,
assim como a associacdo de P-MAPA e IL-12, sobre o processo inflamatdrio e agressividade de

células de carcinoma ovariano humano (SKOV-3).

Objetivos especificos

1. Avaliar os efeitos dos tratamentos nas linhagens de células SKOV-3 frente a diferentes
doses e periodos de incubagao;

2. Awvaliar a viabilidade celular, citotoxicidade, migragdao/invasao celular e efeitos na parada
do ciclo e morte celular frente aos tratamentos especificos;

3. Imunolocalizar por fluorescéncia os receptores TLR2 e TLR4 e quantificar, por western
blot, os receptores TLR2 e TLR4, os fatores MyD88, TRIF, IRF3 e NF-kB envolvidos no
processo inflamatorio;

4. Avaliar, através da estratégia protedmica global por eletrospray (LCMS/MS), as
diferentes proteinas produzidas pelas células SKOV-3 ap6s os tratamentos;

5. Quantificar os mediadores do processo inflamatorio (pr6é e anti-inflamatérios, entre

outros) no sobrenadante da cultura e no extrato celular através de ensaio multiplex.
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Abstract: Immunotherapies have emerged as promising complementary treatments for ovarian cancer
(OC), butits effective and direct role on OC cells is unclear. This study examined the combinatory effects
of the protein aggregate magnesium—ammonium phospholinoleate—palmitoleate anhydride, known as
P-MAPA, and the human recombinant interleukin-12 (hrIL-12) on cell migration/invasion, apoptosis,
toll-like receptor (TLR)-mediated inflammation, and cytokine/chemokine profile in human OC cell
line SKOV-3. P-MAPA and IL-12 showed cancer cell toxicity under low doses after 48 h. Although
apoptosis/necrosis and the cell cycle were unchanged by the treatments, P-MAPA enhanced the
sensitivity to paclitaxel (PTX) and P-MAPA associated with IL-12 significantly reduced the migratory
potential and invasion capacity of SKOV-3 cells. P-MAPA therapy reduced TLR2 immunostaining and
the myeloid differentiation factor 88 (MyD88), but not the TLR4 levels. Moreover, the combination of
P-MAPA with IL-12 attenuated the levels of MyD88, interferon regulatory factor 3 (IRF3) and nuclear
factor kappa B (NF-kB p65). The IL-12 levels were increased and P-MAPA stimulated the secretion of
cytokines IL-3, IL-9, IL-10, and chemokines MDC/CCL22 and, regulated on activation, normal T cells
expressed and secreted (RANTES)/CCL5. Conversely, combination therapy reduced the levels of IL-3,
IL-9, IL-10, MDC/CCL22, and RANTES/CCLS5. Collectively, P-MAPA and IL-12 reduce cell dynamics
and effectively target the TLR-related downstream molecules, eliciting a protective effect against
chemoresistance. P-MAPA also stimulates the secretion of anti-inflammatory molecules, possibly
having an immune response in the OC microenvironment.

Keywords: ovarian cancer; P-MAPA; IL-12; TLR signaling; inflammation; chemoresistance
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1. Introduction

Ovarian cancer (OC) is the fifth largest cause of cancer-related death in the United States and is the
most lethal of all gynecological malignancies [1]. OC originates from the ovarian surface epithelium,
fallopian tube (fimbriae region) or endometriosis-related tissue, and often exhibits a late diagnosis
due to the lack of clear signs or symptoms in the early stages of development [2-5]. Unfortunately,
there is no screening method for achieving the best curative result, and traditional chemotherapy and
surgery are limited for patients with advanced OC [6]. After cisplatin and paclitaxel (PTX) resistance,
several patients become susceptible to developing recurrent OC and metastasis [7]. Therefore, new
therapeutic options that overcome chemoresistance and enhance drug sensitivity are promising for the
treatment of OC.

Immunotherapies have demonstrated great efficiency by activating host immune responses
into the OC microenvironment [8]; however, what is happening with the cancer cells as
a direct result of immunostimulation requires further investigation. @We recently reported
the effect of the immunomodulatory agent termed protein aggregate magnesium-ammonium
phospholinoleate-palmitoleate anhydride (P-MAPA), a natural biopolymer extracted from the
Aspergillus oryzae, which exhibits a number of antitumor responses in different experimental models of
cancer [9-11]. In association with cisplatin, P-MAPA showed a greater survival rate and a reduced OC
volume in addition to the increased expression of proteins involved in toll-like receptor (TLR)-mediated
inflammatory response (canonical and non-canonical pathways) in OC-bearing animals [11]. Recent
studies also supported the immunological mechanism of action of P-MAPA through the activation of
TLR2 and TLR4 signaling in both cancer and infections, in addition to regulating the activity of T cells
(especially CD4+T and CD8+T cells) and natural killer (NK) cells [9,10]. Importantly, P-MAPA did not
show toxicity in preclinical in vitro (V-79 Chinese hamster cell line) and in vivo models (Swiss mice,
Wistar rats, and monkeys) nor in human clinical trial phase I [9]; its effects in cancer treatment have
been tested in non-muscle invasive urinary bladder cancer [9,10] and in OC [11]. The directive role of
P-MAPA on human OC cells, considering its feasibility, sensibility, resistance, and toxicity, has not
been explored yet.

TLRs are transmembrane molecules that signal via myeloid differentiation factor 88 (MyD88)
or TLR-associated activator of interferon (TRIF) to induce cell proliferation, chemoresistance, and
cytokine/chemokine production [12]. Mostimportantly, TLRs can trigger a different response depending
on the cell type (e.g., cancer cell or immune cell), and particularly, TLR4 has been reported to be a
precursor of the immune escape of OC cells [13,14]. The crosstalk between the immunoadjuvant and
the OC cells targeting the TLR signaling and related cytokine secretion has never been proposed as to
their impact and specific response.

Interleukin-12 (IL-12) is a cytokine related to innate and adaptive immunity, being mainly produced
by the antigen-presenting cells (APCs), such as B lymphocytes, dendritic cells (DCs), and others [15,16].
It acts on T and NK cells stimulating a cytotoxic CD8+ response and inducing cytokine production,
especially interferon-y (IFN-y) [15,17]; IL-12 is involved in the differentiation of naive T cells into
a polarized T helper 1 (Thl) immune response. Patients with recurrent OC who underwent IL-12
treatment, in a well-established dosage regimen, showed significant tumor regression [18]; the major
challenge involving the treatment with IL-12 is related to the adverse effects due to its high diffusion and
toxicity (e.g., lymphopenia and irreversible elevation of transaminases at 600 ng/kg and neutropenia,
fatigue, and headache at 300 ng/kg) [19], and a more precise and direct administration may limit
their undesirable effects. Notably, a phase II study involving intraperitoneal infusions of recombinant
IL-12 in patients with residual disease <1 cm showed to be well-tolerated after fist-line therapy for
OC-related peritoneal carcinomatosis [19]. Recently, Cohen et al. [16] studied the relationship between
membrane-bound IL-12 in tumor cells and the potential to disrupt protumorigenic signaling and
tumor outgrowth within peritoneal cavities; IL-12 significantly led to a tumor refractory state, thereby
delaying the onset of metastatic disease.
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Because P-MAPA is thought to increase IFN-y levels, which may potentiate the Thelper
(Thl)-mediated immune response, and adjuvant therapies with IL-12 have long been proposed
as beneficial for patients with OC, this study investigates the effects of P-MAPA and IL-12, alone or
in combination, on cancer cell activities with focus to the TLR-mediated inflammatory process and
cytokines/chemokines profiling in human SKOV-3 cell line.

2. Results

2.1. P-MAPA and IL-12 Reduce Cell Viability and Induce Apoptosis in the Presence of PTX in SKOV-3 Cells

An MTT assay was carried out using three biological and technical replicates to unravel the most
suitable dose and period of treatment. Based on previous results, the SKOV-3 cells were challenged with
P-MAPA at doses of 25 ug/mL, 50 pg/mL, and 100 png/mL, and rhIL-12 at doses of 0.5 ng/mL, 1 ng/mL,
and 2 ng/mL for 24 h, 48 h, and 72 h. Then, we tested three different cell concentrations to achieve
the better treatment response (1 x 10% cells, 1 x 10* cells, and 5 x 10* cells; Supplementary Figure S1).
The SKOV-3 cell viability was efficiently reduced after the low-dose P-MAPA treatment (25 pg/mL
for 48 h; viability was reduced by ~27%), and then started to increase after 72 h exposure (Figure 1A).
Treatment with rhIL-12 also showed reduction in cell viability at an intermediate dose of 1 ng/mL
mainly after 48-h exposure (Figure 1B; viability reduction by ~25% after 48 h). Combinatory therapy
with P-MAPA and 1L-12 also reduced the cell viability by about 33% (Figure 1C), and the treatment
doses were set at 25 pg/mL of P-MAPA and 1 ng/mL of IL-12. Annexin V- fluorescein isothiocyanate
(FITC)/Propidium iodide (PI) staining was used to effectively determine the apoptosis/necrosis rate
induced by P-MAPA and rhlL-12 immunotherapies. In this study, we set early apoptosis (Annexin
V-FITC+/PI-) as apoptosis and late apoptosis (Annexin V+/PI+) and necrosis (Annexin V—/PI+) as
necrosis. The apoptosis index was not influenced by P-MAPA, IL-12, or P-MAPA+IL-12 (Figure 1D,E),
which pointed out that these agents are unable to induce cell death at this concentration. We also
observed that P-MAPA and IL-12 did not alter the cell cycle significantly (Figure 1F,G). These data
indicate that these immunotherapeutic agents do not have a direct and high toxic effect to the cell,
which is, in fact, expected from immunotherapies. Because the treatments did not promote cell death or
cell proliferation, the reduction of cell viability might have been a result of decreased cell metabolism,
because the MTT test indirectly reflects the mitochondrial activity.

To better understand whether P-MAPA and IL-12 therapies potentially increase the effect of
standard chemotherapy, they were tested in association with PTX (Figure 2A,B). After 48 h, P-MAPA
decreased cell viability in association with different doses of PTX compared with cells treated with
PTX only (~30% reduction with 5 uM PTX; ~30% reduction with 2.5 uM PTX; ~24% reduction with
1.25 uM PTX and ~34% reduction with 0.625 uM PTX). Because IL-12 had no effect on cell viability
when associated with PTX, the decreased cell viability observed after combining P-MAPA with IL-12
in association with doses of PTX is probably due to the P-MAPA effect (~19% reduction with 5 uM
PTX, ~30% reduction with 2.5 uM PTX, ~30% reduction with 1.25 uM PTX, and ~38% reduction
with 0.625 uM PTX). To confirm these effects on SKOV-3 cell death, an Annexin V-FITC/PI assay was
performed using the lowest dose of PTX (0.625 uM). Concordantly, with the MTT results, P-MAPA and
P-MAPA+IL-12 increased cell death in association with PTX at dose of 0.625 uM. The apoptosis/necrosis
ratio of PTX was 0.64 and became higher when associated with P-MAPA (1.18) or P-MAPA+IL-12
(0.88), thus enhancing the P-MAPA effect as apoptotic inductor. Finally, PTX significantly increased the
number of cells in GO/G1 and decreased cells in G2/M phase of the cell cycle, thus inducing cell cycle
arrest. In this case, the addition of P-MAPA and 1L-12 did not potentiate the PTX effects in cell cycle
(Figure 2D,E).
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Figure 1. Protein aggregate magnesium—ammonium phospholinoleate-palmitoleate anhydride
(P-MAPA) and interleukin-12 (IL-12) suppress cell viability without changing the apoptosis rate
and cell cycle. SKOV-3 cells were treated with various concentrations of P-MAPA (A) and IL-12 (B) for
24,48, and 72 h, and the cytotoxicity (expressed as percentage) was assayed by MTT; (C) Cell viability
(%) after standardization of treatments (25 ug P-MAPA and 1 ng IL-12) after 48 h exposure; 1 X 103
SKOV-3 cells showed the best reproducibility. (D) Representative apoptotic index in SKOV-3 cells
treated with P-MAPA and IL-12 for 48 h detected by annexin V/PI flow cytometry. (E) Percentage
of cells in apoptosis and necrosis. (F) Representative cell cycle analysis in SKOV-3 cells treated with
P-MAPA and IL-12 for 48 h detected by PI and RNAase flow cytometry. (G) Percentage of PI+ cells
in GO/G1, S, and G2/M phases. The samples were assayed in three technical and biological replicates.
Results are expressed as the mean + SD and described as column chart. * p < 0.05 vs. different doses at
48 h; # p < 0.05 vs. control group.
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Figure 2. P-MAPA and P-MAPA+IL-12 reduce cell viability and apoptosis/necrosis rate in the presence
of PTX. (A) Cell viability was assessed by an MTT assay; SKOV-3 cells were treated with various
concentrations of PTX alone or in association with P-MAPA and IL-12 for 48 h. * p < 0.05 vs. PTX and
PTX+IL-12 groups. (B) Percentage of cells in apoptosis and necrosis after exposure to 0.625 uM PTX
plus P-MAPA, IL-12, or P-MAPA+IL-12. * p < 0.05. (C) Representative apoptotic index in SKOV-3 cells
detected by Annexin V/PI flow cytometry. (D) Representative cell cycle analysis in SKOV-3 cells treated
with PTX, P-MAPA and IL-12 for 48 h detected by PI and RNase flow cytometry. (E) Percentage of PI+
cells in the G0/G1, S, and G2/M phases. The samples were assayed in three technical and biological
replicates.* p < 0.05 vs. control group. Results are expressed as the mean + SD.

2.2. Combination of P-MAPA with IL-12 Is Essential to Reduce Cell Migration Whereas P-MAPA Alone
Decreased The Invasive Potential of SKOV-3 Cells

To investigate the inhibitory effect of P-MAPA and IL-12 as a single or combinatory treatment on
SKOV-3 cells, a wound-healing assay was performed in different periods. Although the treatment with
IL-12 showed a reduced migration rate (~ 17%) after 36 h and 48 h exposure, cells treated with P-MAPA
migrated significantly less (~ 13%) only at 48 h exposure (Figure 3A,B). Combination of P-MAPA and
IL-12 reduced the migratory potential of cells after 36 h and 48 h treatment (>20%), being the most
efficient after 36 h (Figure 3A,B); this overall analysis suggests that IL-12 was more effective than
P-MAPA in delaying wound closure. SKOV-3 cells that were treated with 0.9% saline solution (control
group) had an accelerated growth and migration rate when compared with all the treatments. Because
the wound-healing assay might be biased by cell proliferation, transwell migration and invasion assays
were performed and effectively showed that P-MAPA reduced cell migration when administered alone
or in association with IL-12 (Figure 4A). When Geltrex® was added to the chambers, the number of
invasive cells was reduced after P-MAPA treatment in comparison to IL-12 treatment or its association
(Figure 4B).

2.3. Immunotherapy with P-MAPA and IL-12 Significantly Reduced the TLR-Mediated Downstream Molecules
Involved in the Inflammatory Process of SKOV-3 Cells

One of the most important factors responsible for the acquisition of malignant phenotypes of OC
cells is associated with chemoresistance to treatments and uncovering new agents that downregulate
the inflammatory pathway(s) may be of significant interest. To evaluate whether P-MAPA or IL-12
play a role on OC-related inflammation, TLR2- and TLR4-mediated pathways were evaluated through
canonical and non-canonical signaling. Although the expressions of TLR2 and TLR4 did not vary
significantly, the downstream target molecules were affected by the treatments (Figure 5A,B). P-MAPA
and IL-12 alone or in combination led to a profound reduction in the MyD88 levels (0.53-, 0.48-, and
0.61-fold reduction, respectively vs. the control group; Figure 5A,B). We also evaluated the NF-kB
p65 expression in the extracts of SKOV-3 cells, and notably, IL-12 alone or combined with P-MAPA
induced a significant reduction in the p65 levels (0.66- and 0.63-fold reduction, respectively vs. control
group; Figure 5A,B). To explore the non-canonical pathway, the TRIF and IRF3 levels were measured.
Although the TRIF levels were unchanged after the treatments (p > 0.05), P-MAPA, IL-12, and the
combination of P-MAPA with IL-12 induced a significant decrease in the IRF3 levels (0.70-, 0.43-, and
0.71-fold reduction, respectively vs. the control group; Figure 5A,B). These findings provide evidence
that P-MAPA and IL-12 potentially act on MyD88-dependent and MyD88-independent pathways,
which also encourages the possibility that these immunomodulatory agents could even increase the
chemosensitivity of other therapeutics.
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Figure 3. Migratory potential of SKOV-3 cells determined by wound-healing assay. (A) Percentage of
wound closure after 0, 6,12, 24, 36, and 48 h. * p < 0.05, # p < 0.01 vs. control group. (B) Photographs
of each wound-healing analysis at 0, 24, 36, and 48 h which were representative for specific closing
area; vertical black bars were used to show the incision edges (10X magnification). The samples were
assayed in three technical and biological replicates.
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Figure 4. Effects of P-MAPA and IL-12 alone or in combination on the migration and invasion capacity
of SKOV-3 cells. (A) Cell migration was measured by the amount of cells located in the lower part
of the insert. (B) Cell invasion was determined by the amount of cells located in the lower part of
the insert previously covered by Geltrex®. Representative images of the assay were obtained at 20x
magnification. The samples were assayed in three technical and biological replicates. Results are
expressed as the mean + SD; * p < 0.05; CT, control group.

To further investigate and elucidate the location and the relative expression levels of the TLR2
and TLR4 receptors, an immunofluorescence assay was performed on SKOV-3 cells. As evidenced
by the cellular fluorescence level, the P-MAPA treatment significantly decreased the expression
level of cytoplasmic and nuclear TLR2 (48% fluorescence reduced vs. the control group; Figure 5C).
On the contrary, IL-12 and the combination of P-MAPA and IL-12 promoted the highest TLR2
immunofluorescence intensity (135% and 151% fluorescence level, respectively vs. P-MAPA; Figure 5C),
which suggests that IL-12 is responsible for restoring TLR2 activation after P-MAPA therapy in SKOV-3
cells. Lastly, the relative immunofluorescence of the TLR4 was unchanged after the treatments
(Figure 5D).
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2.4. P-MAPA Stimulates the Secretion of Pro- and Anti-Inflammatory Molecules, Whereas Its Association with
IL-12 Induced the Synthesis of Inflammatory Cytokines in SKOV-3 Cells

To determine which cytokines/chemokines are secreted by the SKOV-3 cells and how P-MAPA
and IL-12 act to regulate its production, a wide range of these molecules were evaluated in both
supernatants (Figure 6A) and cellular extracts (Figure 6B). As expected, the IL-12 levels were higher
in the cells treated with IL-12 and P-MAPA+IL-12 (244% and 243% fold-increased, respectively vs.
the control group, and 154% and 155% fold-increased, respectively vs. the P-MAPA group; Figure 6A);
IL-12 was slightly elevated with P-MAPA, even at low concentrations.
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Figure 5. TLR2- and TLR4-mediated signaling pathways are involved with inflammatory process and
chemoresistance in human OC. (A) Representative protein profiles of TLR2, TLR4, MyD88, TRIF, IRF3,
and NF-kB; fractions containing 50 ug protein were pooled from 5 samples per group. (B) Individual
blots were used for densitometric analysis of the TLR2 and TLR4 levels and related downstream
molecules (MyD88, TRIF, IRF3, and NF-kB) after normalization to the 3-actin. Data are expressed as
the mean + SD. * p < 0.05 vs. control group. Relative fluorescence intensity of TLR2 (C) and TLR4
(D) receptors. The values are expressed as the mean + SD. The samples were assayed in three technical
and biological replicates. * p < 0.05. Confocal imaging of TLR2 (E) and TLR4 (F) immunostaining
using fluorescein isothiocyanate (FITC)-conjugated antibodies anti-TLR2 and anti-TLR4 was obtained
in SKOV-3 cells (Alexafluor®488, bar = 50 pum). DAPI was used for nuclear staining and merged
images were performed using Image J software. Negative controls were used. CT, control; DAPI,
4’ 6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate.
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Figure 6. Multiplex analysis of cytokines and chemokines produced by SKOV-3 cells in response to
P-MAPA and IL-12 treatments. (A) Concentrations of IFN-y, IL-3, IL-9, IL-10, IL-12, RANTES, and
MDC were altered in the supernatants of cell culture. (B) Levels of IL-4, IL-8, and MIP-1o were altered
in SKOV-3 cell extracts. All data are expressed as the mean + SD. * p < 0.05 as compared with the
corresponding group; One-way ANOVA complemented by the Tukey test. The samples were assayed
in three technical and biological replicates. CT, control; IFN-y, interferon gamma; RANTES, regulated
on activation, normal T cell expressed and secreted; MDC, macrophage-derived chemokine; MIP-1«,
macrophage inflammatory protein 1-alpha.

Comparing the treatments, P-MAPA significantly stimulated the secretion of IFN-y (24% vs.
the control, IL-12 and P-MAPA+IL-12 groups; Figure 6A), which is probably related to the activation
of the Thl response. P-MAPA also stimulated IL-10 (21% vs. control, 23% vs. IL-12 and 32% vs.
P-MAPA+IL-12 groups), MDC/CCL22 (31% vs. control and IL-12 groups, and 45% vs. P-MAPA+IL-12),
and, regulated on activation, normal T cells expressed and secreted (RANTES)/CCLS5 (25% vs. the control,
27% vs. the IL-12, and 30% vs. the P-MAPA+IL-12 groups). Furthermore, P-MAPA increased IL-3 and
treatment with IL-12 or P-MAPA+IL-12 promoted a reduction in its levels (13% and 17% reduction,
respectively vs. P-MAPA; Figure 6A). Treatment with P-MAPA also increased the IL-9 levels (25%
increased vs. the control and P-MAPA+IL-12 groups; Figure 6A). A part of these results suggests the
secretion of molecules involved in the Th2 response (e.g., IL-10, CCL22), but their regulatory signaling
combined with other molecules released by immune cells into the OC microenvironment could not be
proved to have a favorable or unfavorable effect. The IL-4 levels were internally elevated in SKOV-3
cells (Figure 6B) after therapies with IL-12 alone or combined with P-MAPA (169% and 254% increased
vs. the control group and 198% and 293% increased vs. the P-MAPA group, respectively). Interestingly,
the association of P-MAPA with IL-12 induced the highest production of intracellular IL-8 (37% vs.
the control group) and MIP-1x (11% vs. control group; Figure 6B). In brief, cytokines that were not
significantly influenced by P-MAPA and IL-12 included IL-13, IL-2, IL-6, IL-7, IL-13, IL-15, IL-17, IP-10,
MCP-1, and MIP-1f3 (Supplementary Tables S1 and S2).

3. Discussion

We reported that lower doses of P-MAPA efficiently reduce cell invasion, whereas P-MAPA
in combination with IL-12 reduces cell migration in addition to attenuating the TLR-mediated
inflammatory response in human SKOV-3 cells (Figure 7). Although these compounds have
individually showed important effects in reducing OC volume and mass while enhancing overall
survival and immunostimulation in animals and humans [11,16], this study is the first to describe a
therapeutic rationale against human OC, thus revealing the mechanisms underlying cancer cell-related
inflammatory aspects rather than those of immune cells.

P-MAPA and IL-12 elicited a decrease in cell metabolism, but no effect on cell apoptosis/necrosis
and cell cycle was observed. Although an MTT assay is largely used as the viability/toxicity assay;, it
could be biased by decreased metabolism activity. This utilizes mitochondrial machinery to convert a
colorless tetrazolium salt solution into purple formazan crystals [20]. Once we had pursued a treatment
dose with low cell toxicity but considerable modulatory potential, we believed that either P-MAPA or
IL-12 may be changing OC cell metabolism to a reduced activity (metabolomics could be of significant
value to find the targets more precisely). The impact of this reduction was indeed confirmed by the
migration and invasion assays. P-MAPA was able to reduce the migration and invasion capacity,
and the delayed wound closure in IL-12-treated cells may be likely due to its decreased metabolic
activity. Given that lower doses of P-MAPA and IL-12 are recommended to be well-tolerated, OC cell
apoptosis could be prevented by the low-level toxicity of chemicals; conversely, these concentrations
are safely used to activate immune responses and modulate cell metabolism. When associated with
PTX, P-MAPA was able to increase cell death and apoptosis/necrosis ratio without potentiating the
PTX effects on cell cycle. In accordance with a previous study in which approximately 50% of SKOV-3
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cells died after 48 h exposure to 5 uM of PTX [21], we observed that P-MAPA not only was effective to
increase cell death in the presence of PTX but also to maintain cell toxicity even after considerably
lower levels of PTX. This increase in cell death might be a result of apoptosis induction, since the
apoptosis/necrosis ratio was significantly higher in animals treated with the combination of P-MAPA
and PTX. Because apoptosis lead to the release of the damage-associated molecular pattern (DAMP),
this higher ratio may facilitate immunogenic cell death (ICD) [22].
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Figure 7. Schematic view of the effects of P-MAPA and IL-12 on human SKOV-3 cells. The effect of each
treatment is shown by its representative color. Up and down arrows indicate whether the treatment
increased or decreased, respectively, such as cellular function or molecule at these levels. The treatments
reduced the downstream molecules (MyD88, NF-kB, and IRF3, with the exception of P-MAPA in
reducing NF-kB) of both canonical and non-canonical toll-like receptor (TLR) signaling pathways, and
only P-MAPA significantly downregulated the TLR2 levels. The intracellular cytokine/chemokine
levels were increased after treatment with IL-12 (IL-4) or P-MAPA+IL-12 (IL-4, IL-8 and MIP-1x);
P-MAPA was more effective in increasing the secretion of the following cytokines/chemokines: IFN-y,
IL-3, IL-9, IL-10, RANTES/CCL5, MDC/CCL22). As expected, IL-12 was used to treat SKOV-3 cells
and appeared increased after IL-12 and P-MAPA+IL-12 treatments. Although IL-12 only reduced the
SKOV-3 cells” wound closure, P-MAPA efficiently regulated the cellular dynamics by reducing the
wound closure, cell migration and invasion. The combination of P-MAPA with IL-12 decreased the
period of wound closure and cell migration rate. MyD88, myeloid differentiation primary response
88; NF-kB, nuclear factor kappa B; TRIF, TIR-domain-containing adapter-inducing interferon-f3;
IRF-3, interferon regulatory factor 3; TLR2, toll-like receptor 2; TLR4, toll-like receptor 4; P-MAPA,
protein aggregate magnesium-ammonium phospholinoleate-palmitoleate anhydride; IL, interleukin;
MIP-1¢, macrophage inflammatory protein 1o; IFN-y, interferon gamma; RANTES, regulated on
activation, normal T cell expressed and secreted; MDC, macrophage-derived chemokine; CCL, C-C
motif chemokine ligand.



Molecules 2020, 25, 5 13 of 23

The pro-inflammatory actions of TLR signaling in cancer cells and immune cells may severely
affect tumor progression [23], and, particularly, the immunosuppressive OC microenvironment needs
to be continuously immunostimulated [23,24]. Although TLR4 was unchanged by the treatments,
P-MAPA induces a reduction in the TLR2 levels together with downstream molecules in SKOV-3 cells.
Additionally, we found TLR2 nuclear expression in SKOV-3 cells treated with P-MAPA. Although we
are not the first to observe nuclear staining of TLR2 and TLR4 [25], the effect of the switch of cytoplasmic
to nuclear expression in SKOV-3 cells remains unclear. Based on our results, this nuclear expression
seems not to have any negative effect favoring cancer development. Although the TLR2-induced
MyD88-dependent pathway is related to an increase in IL-12 secretion [26], the immunoregulatory
mechanisms whereby IL-12 restores TLR2 to levels close to control remain to be elucidated. In immune
cells, P-MAPA has reportedly been described as a TLR4 agonist [9-11], thereby enhancing the synthesis
of cytokines and activating a Thl-polarized response. Our data evidenced the protective effect of
P-MAPA in attenuating TLR2-mediated signaling in OC cells. The activation of TLR, especially via
MyD88, is associated with increased tumor growth, chemoresistance, and the early recurrence of ovarian
epithelial tumors [7,27]. In addition, OC expressing high levels of MyD88 presents a higher proliferative
index and increased production of pro-inflammatory cytokines and chemokines [7,28,29]. Importantly,
the association of P-MAPA and IL-12 decreased the levels of MyD88 in SKOV-3 cells compared
with their respective control; because P-MAPA and P-MAPA + IL-12 also significantly decreased the
migratory and invasive potential of the cells, it can be suggested that the MyD88-dependent signaling
pathway may be one of the mechanisms by which SKOV-3 cells promote migration and invasion. It
has also been reported that increased expression of MyD88 is related to a decreased sensitivity to
chemotherapy (e.g., PTX) in the MyD88-negative OC A2780 cell line [30]; moreover, the activation of
MyD88 and NF-kB in MyD88-positive SKOV-3 cells promoted cell proliferation and tumor growth,
likely due to the increased secretion of pro-inflammatory cytokines, thus rendering the cells PTX
resistant [13]. In this line, the downregulation of MyD88 and NF-kB may be a possible mechanism by
which P-MAPA improves the chemosensitivity of PTX in SKOV-3 cells.

The activation of TLR4/MyD88/NF-kB signaling by ligands is strongly related to an inflammatory
microenvironment, thereby contributing to a more aggressive OC phenotype and poorer clinical
outcomes in women [31]. In SKOV-3 cells, silencing the membrane-associated RING-CH (MARCH),
an ubiquitin ligase that downregulates MHC class II expression, resulted in reduced cell migration and
invasion in addition to inhibition of NF-kB signaling [32], thus reinforcing that NF-kB may play a role
in the regulation of numerous cellular dynamics. Taken together, the combination of P-MAPA and
IL-12 was efficient to induce the downregulation of both MyD88 and NF-kB, which can be of great
value to enhance the overall survival of patients while attenuating OC progression and metastasis.

TRIF activation is responsible for triggering the TLR non-canonical pathway, thus activating
several transcriptional factors, such as NF-kB, IRF3 and AP-1, and resulting in cytokines and type I IFN
production [33,34]. Although few studies have explored the role of TRIF/IRF3 in OC cells, they seem to
be critical for therapy [35]. Recently, Chuffa et al. [23] reported the downregulation of TRIF and IRF3
in OC-induced rats, whereby the immunomodulatory agent dramatically reduced the volume and
mass of ovarian tumors. Importantly, P-MAPA and IL-12, either alone or in association, significantly
downregulated IRF3 levels, evidencing the potential of immunotherapies to act by both canonical and
non-canonical TLR pathways.

Immunostimulatory and immunosuppressive molecules can contribute to either inhibiting or
enhancing anti-tumor immune activity of such a response by immunotherapy. We screened a number
of molecules displaying important effects in OC, but most of them displayed no changes in SKOV-3
cells after P-MAPA and IL-12 treatments. Treatment of SKOV-3 with rhIL-12 showed its availability in
both IL-12 and P-MAPA+IL-12 groups, thus proving that the agent was present in the supernatants;
whether IL-12 therapy was still capable of stimulating more IL-12 production by the cells is uncertain.
IL-3 levels are stimulated by P-MAPA therapy, and this increase might be protective for patients during
OC chemotherapy; administration of rhIL-3 to patients with platelet count < 75,000/mm? is effective to
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fight thrombocytopenia and neutropenia after chemotherapy [36]. Moreover, IL-3 is able to intensify
the dose of carboplatin for primary advanced OC [37]. P-MAPA also enhanced IL-9 secretion by
SKOV-3 cells, and this effect seems to have a dual impact on the immune system. 1L-9 was initially
recognized as a T-cell growth factor with oncogenic potential. However, Th9 cell-secreted IL-9 has
been revisited for the immunity of some tumors [38]. IL-9 activates innate immune cells like mast cells,
contributing to tumor growth prevention [38], and in addition to Th9 cell-derived IL-3, induction of
adaptive anti-cancer responses that favor DCs survival has been reported in various cancers [39].

Regulatory T (Treg) cells can infiltrate into solid OC or ascitic fluid, contributing to an
immunosuppressive microenvironment by secreting IL-10 and TGFB-1 while reducing the IFN-y
levels [40]. Because these cytokines participate either in stimulating or inhibiting the activities of other
immune cells, P-MAPA seems to work as a double-edge sword regarding the SKOV-3 cells. Although
mechanistically unclear, P-MAPA contributes partially to reducing the immunosuppression, likely due
to the increased levels of IFN-y rather than IL-10. In fact, high IFN-y secretion meets our proposal by
enhancing OC-cell immunogenicity through the recruitment of CD8+T and natural killer (NK) cells,
in addition to increasing the anti-tumor activity of macrophages; we recently found that P-MAPA
reduces Treg cells and stimulates CD8+T effector cells in OC-bearing animals (unpublished data).
Recently, the expression of programmed death-ligand 1 (PD-L1) on tumor cells represents an important
pathway by which malignant cells evade the immune system. In SKOV-3 cells, PD-L1 was variably
found in the surface and cytoplasm [41], and its expression was correlated with high levels of TNF-«,
IL-10, and IL-6 released from tumor-associated macrophages (TAMs). Because P-MAPA and IL-12
attenuated the downstream mediators of the TLR signaling, the altered expression of some cytokines
may be independent of TLR-mediated inflammatory response.

A complex network represented by chemokines and its receptors, growth factors, inflammatory
products, and other molecules (e.g., NF-kB), is responsible for tumor progression or rejection.
Chemokines signal not only for tumor cells but may control tumor development through activation of
specific receptors expressed in a variety of cells, thereby regulating the traffic of infiltrating macrophages,
lymphocytes, DCs, and neutrophils [42]. The secretion of CCL5, which binds to the CCR4 receptor, is
strongly associated with the presence of tumor-infiltrating CD8+T cells; the upregulation of its receptor
in activated vaccine-primed T cells improved tumor homing in OC [43]. In SKOV-3 cells, the levels of
CCL22/MDC and CCL5/RANTES were higher after P-MAPA therapy. Although these chemokines
appear to be associated with a poor prognosis when released by immune cells, the functional meaning
of their production by OC cells as to their significance in the OC microenvironment remains to be
investigated. CCL22 is secreted by DCs and macrophages and acts on target cells by interacting with
the CCR4 receptor located in the cell surface [44]. CCL22 is correlated to the chemoattraction of Treg
cells in advanced stages of OC, and its expression was increased in response to IFN-y signaling [45].
This finding partially corroborates our results in which both CCL22 and IFN-y were higher in SKOV-3
cells after P-MAPA therapy; in contrast, P-MAPA does not promote elevation in the number of Treg cells
(data not shown). A previous study by Giuntoli et al. [46] showed that ascites specimens originating
from patients with malignant OC were accomplished by elevated levels of IL-6, IL-8, IL-10, IL-15,
IP-10, MCP-1, MIP-13, and VEGE, in contrast to significantly reduced levels of IL-2, IL-5, IL-7, IL-17,
and CCL5/RANTES. Although controversial, IL-8 production by human OC cells plays a role in
controlling tumor growth [47], and MIP-1« is involved in the recruitment of Th1 and cytotoxic effector
T cells [48]. We found a higher secretion IL-8 and MIP-1c after combinatory treatment of P-MAPA and
IL-12. Partially supporting our results, IL-8 levels have already been reported to be augmented in OC,
even after the downregulation of NF-kB [49]; however, the alternative mechanism involved with this
production remains unclear. Additionally, we observed increased levels of RANTES after P-MAPA
treatment. RANTES is responsible for recruiting T cells, macrophages, eosinophils, and basophils into
the inflammatory sites. In addition to IL-2 and IFN-y, RANTES is thought to induce the activation and
proliferation of NK cells while enhancing the anti-tumor response in animal models [46]. In addition
to the overexpression of VEGF and MCP-1, a reduction in RANTES levels is associated with activating
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pathways for tumor growth. Normally, OCs produce large amounts of RANTES, and this production is
correlated with the infiltration of TAMs, CD8+T cells, and tumor progression [50,51]; these chemokines
are further related to the acquisition of polarized immune responses (Th1 versus Th2). Although some
negative effects are associated with the efficacy of chemotherapy related to RANTES, therapy with
P-MAPA may be helpful against tumor expansion.

4. Materials and Methods

4.1. Cell Line and Cell Culture

The human OC cell line SKOV-3 was purchased from the American Type Culture Collection (ATCC,
Rockville, MD, USA). The SKOV-3 cells were routinely incubated in RPMI 1640 (Life Technologies,
Grand Island, NY, USA) supplemented with 10% Fetal Bovine Serum (FBS) and 1% anti-anti solution
(100 mg/mL penicillin G, and 100 ug/mL streptomycin (Merck, Darmstadt, Germany). The culture
medium was changed every 2 to 3 days. All cells were maintained at 37 °C in a humidified atmosphere
of 5% COz.

4.2. Treatments with P-MAPA and IL-12

To evaluate the in vitro effect of the treatments, different doses of P-MAPA (25 pg/mL, 50 pg/mL,
and 100 pg/mL) were tested in accordance with Favaro et al. [9]. Initially, 5 mg P-MAPA was diluted
in 1 mL of saline solution to achieve the desired stock solution of 5 mg/mL, which were then diluted
in the cell culture medium to obtain the testing doses. For the treatment with recombinant (rh)IL-12,
concentrations of 0.5 ng/mL, 1 ng/mL, and 2 ng/mL were diluted in the culture medium based on the
previous report by Su et al. [52]. For the combination of P-MAPA and IL-12, the most effective dose
and incubation period were determined after performing an MTT assay. The saline solution was used
as a solvent vehicle control and prepared in the same volume and dilution for both treatments. All
experiments were performed at 0, 24, 48, and 72 h time exposure and assayed in three technical and
biological replicates.

4.3. Cell Cytotoxicity (MTT Assay)

The SKOV-3 cells were seeded in a 96-well plate at a density of 1 x 103 cells/well. The cellular
activity and/or toxicity were evaluated in different concentrations of P-MAPA and IL-12 and periods (0,
24, and 48 h) to define the best treatment protocol. For this experiment, the choice of dose and period
of treatment was the combination of high cellular viability with low toxicity and efficient signaling
regulation. Thereafter, different doses of PTX were associated with P-MAPA and IL-12 to verify the
sensitivity effects. An MTT solution (5 mg/mL) was added to the wells for 4 h, and the crystals were
diluted with DMSO under agitation. The concentration was determined by an Epoch microplate
reader (BioTek Instruments, Highland Park, PO, USA) at 540 nm, being the reference curve fixed
at 650 nm. The percentage of crystal formation was calculated by fixing the control group crystal
formation as 100%.
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4.4. Apoptosis Rate by Annexin V-FITC/PI Staining

During the apoptosis process, cells normally externalize the phospholipid phosphatidylserine (PS),
which binds with high affinity to Annexin V in the presence of calcium. Herein, we used the Annexin
V assay with the BD Pharmingen™ Annexin V-FITC Apoptosis Detection Kit (ApoAlert Annexin V,
Clontech, CA, USA). The SKOV-3 cells (1 x 10° cells) were placed in a 6-well plate and left for 6 h to
attach. The cells were then treated with 25 pg/mL of P-MAPA, 1 ng/mL of rhIL-12 or their association
for 48 h. In addition, P-MAPA and IL-12 were added to the lowest dose of PTX (0.625 uM) to confirm
chemosensitivity. After the treatment period, cells were trypsinized and centrifuged (Centrifuge
5804 R, Eppendorf, Hamburg, Germany)) for 10 min at 1200 rpm for culture medium removal. The cell
pellet was washed twice with phosphate-buffered saline (PBS) and centrifuged at 10,000 rpm for 30 s,
followed by resuspension with 100 uL. Annexin V binding buffer and incubation with Annexin V and
propidium iodide (PI) for 15 min in the dark at room temperature. After the incubation, the prepared
cells were then analyzed by flow cytometry in a FACSCantoTMII with FACSDiva (BD Biosciences,
Clontech, CA, USA) software. The flow cytometric results were analyzed by the Flow]Jo software
(vX.10.6 version, Tree Stars Inc., Ashland, OR, USA).

4.5. Cell Cycle Determination by PI Staining

The cell cycle stages (G0/G1, S, and G2/M) were performed by flow cytometry analysis through
the DNA content measurement of nuclei stained with PI dye. After all the treatments, the SKOV-3
cells (1 x 105) were trypsinized, washed with PBS, and centrifuged for 5 min at 1500 rpm. After the
cells were fixed in 70% cold ethanol at 4 °C for 1 h, they were incubated with PI staining solution of
50 ug/mL PI and 10 mg/mL RNase A for 1 h at room temperature in a dark room. Flow cytometry
was performed in a FACSCantoTMII with FACSDiva (BD Biosciences, Clontech, CA, USA) software to
analyze DNA content. The relative ratios of cells in the G0/G1, S, and G2/M phases were calculated
using Flow]o software (vX.10.6 version, Tree Stars Inc.).

4.6. Wound-Healing Assay

The wound-healing method was performed to verify the effects of P-MAPA and rhIL-12 alone or
in combination on cell migration capacity. Briefly, 3 X 10° SKOV-3 cells were placed in 6-well plates
with a serum-free culture medium for cell starvation. When the cells reached high confluence, a wound
was created through the confluent cell monolayer using an angled tip at 45°, and the SKOV-3 cells
were then immediately treated with the pre-determined doses of P-MAPA, rhIL-12, or both, diluted in
2 mL of complete RPMI 1640 medium. Images were obtained at 0 h, 6 h, 12 h, 24 h, 36 h, and 48 h until
the wound closure. Migration area (%) was measured using Image-] software. All experiments were
analyzed in biological and technical triplicate.

4.7. Cell Migration Using Transwell Insert

To evaluate the migratory potential of the cells, 1 x 10* SKOV-3 cells were seeded in triplicates into
the upper chambers of 24-well ThinCert™ cell culture inserts (GBO, Americana, SP, Brazil) with PVDF
filters (8.0 um pore size) containing the corresponding treatment diluted in serum free RPMI 1640
medium. In the lower chamber, RPMI supplemented with 10% FBS was added as a chemotactic factor.
After the plates were incubated at 37 °C and 5% COj for 24 h, the cells in the upper chamber were gently
removed with a cotton swab. The cells that had migrated to the lower surface of the insert through the
8.0 um pore were fixed in methanol for 8 min and stained with hematoxylin for 45 s. The migrated cells
were photographed with 20x objectives under an inverted microscope (ZeissAxiovert®, Germany).
Four non-overlapped images were randomly analyzed for each well and the migrated cells were
counted using Image ] software.
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4.8. Invasion Assay

The invasion assay was performed using a 24-well ThinCert™ cell culture insert (GBO, Americana,
SP, Brazil) with PVDF filters (8.0 um pore size). Briefly, 24-well plates were previously coated with
Geltrex® (ThermoFisher, Waltham, MA, USA), which mimics the biological basement membrane
matrix, and 1 x 10 cells were placed in the upper chamber with a serum-free culture medium containing
the treatments. After 24 h, the invasive potential was determined by the amount of cells capable of
crossing the barrier when chemotactically attracted by the RPMI 1640 medium supplemented with
10% FBS in the lower chamber. The protocol of cell fixing and staining was the same described for cell
migration. Finally, four non-overlapped images were randomly analyzed per well and the invasive
cells were counted using Image J software.

4.9. Immunofluorescence Assay

After the SKOV-3 cells were seeded in coverslips and treated with P-MAPA, rhIL-12, or their
association for 48 h, they were fixed in methanol for 8 min at room temperature and then washed in
sterile ice-cold PBS. To avoid nonspecific bindings, a blocking solution containing 3% (v/v) bovine
serum albumin (BSA) was added for 1 h. Then, cells were incubated overnight with rabbit polyclonal
anti-TLR2 and anti-TLR4 antibodies diluted 1:200 (Abcam, Cambridge, MA) for 4 h, followed by post
incubation with secondary polyclonal anti-IgG conjugated to FITC (1:200 dilution in 1% BSA, Santa
Cruz Biotechnology, Inc., CA) for 1 h. After the reactions, 4,6-diamidino-2-phenylindole (DAPI; Sigma,
St Louis, MO) was used for nuclei staining. Positive staining was analyzed using a confocal fluorescence
microscope Zeiss Axiophot II (Carl Zeiss, Oberkdchen, Germany) at different magnification (excitation
filter 590 nm, emission filter 650 nm) and for DAPI staining (excitation filter 365 nm, emission filter
485 nm). The relative fluorescence in FITC images was calculated using Image ] software.

4.10. Western Blot Analysis

After the treatments, five replicates of each experiment were used. After being washed with
cold PBS, 1 x 10® SKOV-3 cells were added to radioimmunoprecipitation assay buffer (RIPA) lysis
buffer containing protease inhibitors and rapidly frozen for 24 h. Under constant agitation for
30 min at 4 °C, the cells were resuspended and transferred to 1.5 mL tubes and centrifuged for 20
min at 12,000 rpm. Protein quantification was performed using a Bradford assay, and the same
amount of protein (40 ug) was solubilized in 1.5xLaemmli buffer and then used for 4-20% SDS-PAGE
(Bio-Rad Laboratories, Hercules, CA, USA). After electrophoresis was carried out on tris-glycine
running buffer system (120 V for 2 h), the proteins were electro-transferred (350 mA) to nitrocellulose
membranes, and then blocked with 3% BSA in tris-buffered saline plus tween 20 (TBS-T) solution
for 1 h. Afterward, the proteins were incubated with respective primary antibodies (1:500; Abcam,
Cambridge, UK) at 4 °C overnight: anti-TLR2, anti-TLR4, anti-MyD88, anti-NF-kB p65, anti-TRIF,
anti-IRF3. Subsequently, the membranes were washed three times and then incubated for 90 min with
specific secondary antibodies (Sigma-Aldrich, St. Louis, MO, USA) diluted 1:20,000 in 1% BSA. After
sequential washes, positive reactions were performed using ECL kit (Thermo Fisher Scientific, MA).
All of the blots were calculated using individual samples obtained from three replicates/group and
were represented as the mean optical density (band intensity/housekeeping protein). 3-actin was used
as the endogenous control.
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4.11. Cytokine and Chemokine Assay

Levels of different cytokines and chemokines were determined in both supernatants and cell
homogenates using a MilliPlex® Map Kit (EMD Millipore, Darmstadt, Germany) with a standard
20-plex detection kit according to the manufacturer’s protocols. The human cytokine/chemokine Panel I
kit (cat. no. HCYTOMAG-60K) included the following analytes: interferon-gamma (IFN-y), interleukin
(IL)-1p, IL-2, IL-3, IL-4, IL-6, IL-7, IL-8, IL-9, IL- 10, IL-12, IL-13, IL-15, IL-17, IP-10, macrophage-derived
chemokine (MDC/CCL22), monocyte chemotactic protein-1 (MCP-1), macrophage inflammatory
protein-1 (MIP)-1x, MIP-13, and regulated upon activation normal T cell expressed and secreted
(RANTES/CCLS5). The concentrations were ranged between 0 and the lowest detectable level in each
assay before log transformation. The analyses combined fluorescent cytometry and ELISA technology,
so that each magnetic bead was added to a specific anti-cytokine to achieve a specific binding. For this
experiment, the levels of analytes varied from 0.4 to 3500 pg/mL and the intra-assay CV was < 10%,
inter-assay CV < 15%. No cross-reactivity was observed among cytokines and other molecules.
The fluorescence intensity was measured using the MAGPIX system (Luminex Corporation, Austin,
TX, USA).

4.12. Statistical Analysis

All data were evaluated using the analysis of variance (ANOVA) and presented as the
mean =+ standard deviation (SD). Significant results were then compared by Tukey or Newman-Keuls
post hoc tests, and statistical significance was set at p < 0.05 for all analyses. Data were analyzed and
constructed using GraphPad Prism 5.0 scientific graphing software (GraphPad Software, San Diego,
CA, USA).

5. Conclusions

In summary, we demonstrated that P-MAPA in association with IL-12, both considered potent
immunomodulatory agents, exhibited anti-cancer activities on human SKOV-3 cells. Although P-MAPA
combined with IL-12 promotes a reduction in cell viability and cell migration, P-MAPA alone reduces
the invasion capacity and enhances apoptosis in the presence of PTX. Similarly to either P-MAPA or
IL-12 alone, the combinatory therapy induced the downregulation of TLR-downstream molecules
involved with inflammation, which may result in protection against chemoresistance; these effects
seem to be associated with TLR2 suppression rather than TLR4 signaling. P-MAPA alone stimulated
the secretion of pro- and anti-inflammatory mediators, and its association with IL-12 increased the
production of IL-4, -8, and MIP-1« by the SKOV-3 cells; this may promote changes in the immune
responsiveness of the OC microenvironment. In addition to the effect on OC-infiltrated immune cells,
these immunotherapies might provide a sustained opportunity for a novel combined strategy against
malignant OC cells.
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cell densities to find the most appropriate strategy for cell counting. SKOV-3 cells at density of 1 x 10° were
representative to determine cell viability; Table S1: Multiplex assay of the cytokines and chemokines (pg/mL)
in the supernatant of cell culture; Table S2: Multiplex assay of the cytokines and chemokines (pg/mL) in the
SKOV-3 cells.
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BSA Bovine serum albumin

CEEA Ethical Committee of the Institute of Bioscience/UNESP
CEMIB Multidisciplinary Center for Biological Investigation
DAB Diaminobenzidine

DAPI 6-diamidino-2-phenylindole

DCs Dendritic cells

FITC Fluorescein Isothiocyanate

HRP-conjugated Horseradish peroxidase-conjugated

H Hematoxylin

IFN Interferon

IFN-y Interferon gamma

IL-6 Interleukin 6

IL-8 Interleukin 8

IRF3 Interferon regulatory factor 3

MyD88 Myeloid differentiation factor 88

NF-kB p65 Nuclear factor kappa B subunit p65

NK natural killer cells

oC ovarian cancer

PBS phosphate-buffered saline

P-MAPA Protein aggregate magnesium-ammonium phospholinoleate-palmitoleate anhydride
PTX paclitaxel

RIPA Radioimmunoprecipitation assay buffer

SDS-PAGE Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
TBS-T Tris-Buffered Saline plus Tween 20

CD4+T CD4-positive T cells

CD8 +T CD8-positive T cells

Thl T helper 1

TLR (s) Toll-like receptor (s)

TLR2 Toll-like receptor 2

TLR4 Toll-like receptor 4

TRIF TIR domain-containing adaptor inducing interferon-beta
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Supplementary material

Supplementary Figure. MTT assay was tested with different cell densities to find the most
appropriate strategy for cell counting. SKOV-3 cells at density of 1 x 10° were representative to
determine cell viability.
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Table 1.Multiplex assay of the cytokines and chemokines (pg/mL) in the supernatant of cell culture.

Supernatant samples

Analytes Groups
P Control P-MAPA IL-12 P-MAPA+IL-12
IL-1B 0.57 0.95+0.03 1.00+0.04 0.99+0.08 0.90+0.05
IL-2 0.93 1.25+0.11 1.27+0.08 1.20+0.02 1.24+0.07
IL-4 0.09 11.12+1.43 15.4243.20 11.34+1.01 8.16+1.23
IL-6 0.25 711.96+21.78 742.56+9.77 713.434+21.70 773.014£34.77
IL-7 0.07 7.63+0.63 10.38+1.20 8.02+0.51 8.02+0.51
IL-8 0.93 2425.174£212.67 2564.33+£270.22 2476.67+£230.15 2613.50+134.71
IL-13 0.42 5.56+0.80 7.57£1.74 5.13+0.82 5.35+0.90
IL-15 0.10 7.21+£0.29 7.10+0.23 6.67+0.18 7.71+£0.37
IL-17 0.29 1.1340.028 1.22+0.04 1.16+0.03 1.16+0.04
IP-10 0.59 31.85+0.61 32.03+0.99 33.15+0.73 32.72+0.61
MCP-1 0.21 5.19+0.76 4.23+0.47 3.88+0.17 3.94+0.22
MIP-1a 0.34 2.36+0.06 2.46+0.08 2.33+0.04 2.33+0.03
MIP-1p3 0.06 2.84+0.10 3.31+0.25 2.85+0.14 2.72+0.05

No significant values are presented for these analytes. The results are means = SD of 3 biological replicates. One-

Way ANOVA.
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Table 2.Multiplex assay of the cytokines and chemokines (pg/mL) in the SKOV-3 cells.

Cell samples
Analytes Groups
P Control P-MAPA IL-12 P-MAPA+IL-12
IFN-y 0.43 1.79340.095 2.178+0.297 2.185+0.166 2.250+0.221
IL-1P 0.23 1.047+0.052 1.268+0.091 1.303+0.086 1.285+0.131
IL-2 0.52 1.183+0.073 1.278+0.110 1.320+0.091 1.430+0.165
IL-3 0.17 0.507+0.009 0.552+0.039 0.585+0.031 0.615+0.043
IL-6 0.86 99.3334+7.386 106.290+7.668 102.955+5.242 110.415+14.494
IL-7 0.89 55.663+1.698 57.483+£2.478 54.293+£2.034 55.865+4.411
IL-9 0.88 72.683+10.873 78.472+13.781 75.458+5.267 67.703+5.772
IL-10 0.20 0.973+0.031 1.135+0.140 1.130+0.046 1.250+0.077
IL-12 0.22 3.113+£0.200 4.165+0.583 4.308+0.439 4.662+0.678
IL-13 0.98 38.013+1.177 38.987+2.108 37.52043.027 37.8354+3.933
IL-15 0.29 54.89343.757 63.215+£5.637 67.51046.760 76.310£11.575
IL-17 0.48 1.633+0.051 1.728+0.098 1.703+0.052 1.823+0.113
IP-10 0.48 34.030+0.349 34.105+1.365 33.590+1.477 37.765+3.623
MCP-1 0.75 2.927+0.033 3.035+0.347 3.183+0.263 3.288+0.244
MDC 0.13 2.993+0.098 3.665+0.425 4.053+0.363 3.885+0.246
MIP-1§ 0.08 11.680+0.208 13.063+2.580 10.293+1.858 6.545+1.069
RANTES 0.21 8.597+0.724 9.580+1.646 9.800+1.087 6.590+0.700

No significant values are presented for these analytes. The results are means = SD of 3 biological replicates. One-

Way ANOVA.
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ABSTRACT: To investigate the potential role of immunotherapies in the cellular and molecular = = -
mechanisms associated with ovarian cancer (OC), we applied a comparative proteomic toll using \ i

protein identification combined with mass spectrometry. Herein, the effects of the protein N

aggregate magnesium-ammonium phospholinoleate-palmitoleate anhydride, known as P-MAPA, E lm-'-w-h—uu
and the human recombinant interleukin-12 (hrIL-12) were tested alone or in combination in E
human SKOV-3 cells. The doses and period were defined based on a previous study, which L Ek
showed that 25 g/mL P-MAPA and 1 ng/mL IL-12 are sufficient to reduce cell metabolism after ‘ !

48 h. Indeed, among 2,881 proteins modulated by the treatments, 532 of them were strictly —pmm— e
concordant and common. P-MAPA therapy upregulated proteins involved in tight junction, focal | “w==&=" o
adhesion, ribosome constitution, GTP hydrolysis, semaphorin interactions, and expression of SLIT L === | —

and ROBO, whereas it downregulated ERBB4 signaling, toll-like receptor signaling, regulation of
NOTCH 4, and the ubiquitin proteasome pathway. In addition, IL-12 therapy led to upregulation
of leukocyte migration, tight junction, and cell signaling, while cell communication, cell
metabolism, and Wnt signaling were significantly downregulated in OC cells. A clear majority of proteins that were
overexpressed by the combination of P-MAPA with IL-12 are involved in tight junction, focal adhesion, DNA methylation,
metabolism of RNA, and ribosomal function; only a small number of downregulated proteins were involved in cell signaling,
energy and mitochondrial processes, cell oxidation and senescence, and Wnt signaling. These findings suggest that P-MAPA and
IL-12 efficiently regulated important proteins associated with OC progression; these altered proteins may represent potential
targets for OC treatment in addition to its immunoadjuvant effects.
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1. INTRODUCTION

Ovarian cancer (OC) represents the most lethal of
gynecological malignancies being often diagnosed at a late
stage.””> The majority of patients experience difficulties over
the course of treatment, with a S years survival rate of 35%
when diagnosed late.” Because no evident symptom is present
at an early-stage OC, the disease can rapidly progress to an
incurable form.*”'" Importantly, patients are generally
responsive to the treatments; however, through several
mechanisms, they develop resistance to chemotherapy and
OC grows wildly.'” New promising strategies to overcome
chemoresistance and increase chemosensitivity have been
developed for OC treatment, including immunotherapies.
We evaluated the effect of two immunotherapeutic agents
from the proteomic standpoint. The immunomodulatory agent
termed protein aggregate magnesium-ammonium phospholi-
noleate-palmitoleate anhydride (P-MAPA) is a natural

OC, P-MAPA potentiated the effects of cisplatin, thereby
enhancing TLR signaling in immune cells and attenuating
tumor growth.'' Another tested agent was interleukin-12 (IL-
12), a cytokine secreted by antigen-presenting cells (APCs),
which is involved in the differentiation of naive T cells into a
polarized Th1 immune response.'”'® Treatment with IL-12
promotes tumor regression and reduces the potential of tumor
outgrowth in patients with recurrent OC;'®"” although IL-12
therapy results in an OC refractory state, the major challenge is
related to its high cellular toxicity.'® Although these
immunotherapies have demonstrated to be quite effective in
the treatment of OC with regard to the tumor microenviron-
ment, their exact role on OC cells in terms of protein synthesis
and secretion is far from being understood; certainly, there
must be other particular functions in addition to those related
to the immune system.

biopolymer extracted from the Aspergillus oryzae. Experimen-

tally, P-MAPA exhibits a number of antitumor responses in
11,13,14 . .

and specifically in

different in vivo models of cancer, ™

v ACS Publications  © 2019 American Chemical Society

Received: August 6, 2019
Accepted: November 27, 2019
Published: December 11, 2019

DOI: 10.1021/acsomega.9b02512
ACS Omega 2019, 4, 21761-21777



ACS Omega

(A) P-MAPA

1204

©
=]
1

Cell viability
=
<

~
o
1

T T T T
0 24 48 72
Treatment period (hours)

) 1204
1004

== 25 ug/mL

:;110' -= 50 pg/mL
< 1004 '<I\;7J == 100 pg/mL

Cell viability (%)
3
T

(B) IL-12
120+ - 0.5 ng/mL

~110 1 ng/mL
& —— 2 ng/mL
£100

E

S 904

3

O 8o

T T T T
0 24 48 72
Treatment period (hours)

3 Control
Bl P-MAPA
* O L2
B P-MAPA+IL-12

0 T

Figure 1. Defining the treatments with P-MAPA and IL-12. (A) Cell viability (%) after exposure to three different doses of P-MAPA (25, 50, and
100 pg/mL) in four different periods (0, 24, 48, and 72 h). (B) Cell viability (%) after exposure to three different doses of IL-12 (0.5, 1, and 2 ng/
mL) in four different periods (0, 24, 48, and 72 h). Colored line of the selected dose is highlighted. (C) Cell viability (%) was assessed by MTT (1
X 10° cells) after exposure to standardized doses of treatments (25 yg/mL P-MAPA, 1 ng/mL IL-12, or both) at 48 h. The results are expressed as

the mean =+ standard deviation (SD). *p < 0.0S vs control.

Identifying successfully signaling pathways that coordinate
tumor cell metabolism, protein—protein interactions, secretion
of molecules and factors, and activity of specific enzymes is
needed to discover new chemical agents and further modify the
OC aggressiveness. Thus, proteomic analysis using mass
spectrometry (MS) may provide a wide body of information
considering proper candidates for OC development and
treatment. """ Large or small molecules are definitely
recognized to be involved in intra- or intercellular processes, in
which one molecule can possibly be sharing different signaling
mechanisms in the same tumor cell.

Although there are important studies reporting the use of
mass spectrometry in the diagnosis of cancers, including the
monitoring strategies for OC,'"””””*’ none has shown the
concurrent role of immunotherapies in predicting clinical
outcomes from the “omics” standpoint. To further strengthen
this issue, we studied the effects of immunotherapeutic agents,
P-MAPA and IL-12, directly on human ovarian cancer SKOV-
3 cells through proteomic profiling.

2. RESULTS AND DISCUSSION

2.1. Influence of Low-Dose Administration of P-
MAPA and IL-12 in SKOV-3 Cells’ Viability. The global
behavior of OC cells in response to different conditions of
treatment is crucial for designing future strategies. We
previously reported an immunostimulatory effect of P-MAPA
in an in vivo OC model,'" while IL-12 is a well-known
inductor of polarized Thl immune response.'”'® Despite the
consistent effects on the tumor microenvironment, the direct
effect of these compounds in cancer cells is uncertain, and
understanding how they act in OC in a safe dose regimen may
be greatly beneficial for patients. Although several proteomic
approaches in animal models with OC have recently been
tested, little is known about the effects of P-MAPA and IL-12
on this disease. The effects of P-MAPA and IL-12 were first
tested using three different doses and four exposure times
(Figure 1A). After an 3-(4,S-dimethylthiazol-2-y1)-2,5-diphe-

nyltetrazolium bromide (MTT) assay, cell viability was
reduced by P-MAPA at a dose of 25 pug/mL (~ 25%
reduction), by IL-12 at a dose of 1 ng/mL (~ 25% reduction),
and by the association of P-MAPA with IL-12 (~ 30%
reduction) after 48 h (Figure 1B) (see details in Experimental
Section, Section 4.3). We then performed a global proteomic
analysis in OC cells treated with P-MAPA, IL-12, and P-MAPA
associated with IL-12, reporting an extensive catalogue of
differentially expressed proteins that are affected by these
immunotherapies. The majority of proteins described herein
are involved in key cellular processes and signaling pathways,
such as metabolic processes; catalytic functions; structural
activity; protein, DNA, and RNA binding; and transcription/
translation regulatory activity. The variety of biological
functions impacted by these agents makes them interesting
candidates as potential alternatives to OC treatment.

2.2. Label-Free Proteomic Analysis of SKOV-3 Cells
Treated with P-MAPA and IL-12. Samples were fractionated
with reverse-phase columns to separate protein mixtures, and
label-free analysis was performed on peptides by their charges
and hydrophobicity. This analysis identified a total of 896
proteins among control, P-MAPA, IL-12, and P-MAPA + IL-12
groups. We reported a total of 636 molecules in the control,
719 in the P-MAPA group, 709 in the IL-12 group, and 740
proteins in the P-MAPA + IL-12 group, while 532 were
commonly found in all tested groups (Figure 2). General
intersections showing the proteins that are present in one or
more groups were represented and varied with the treatment.
Figure 3 shows the interaction between up- and downregulated
proteins with the highest confidence (0.900) after P-MAPA
therapy compared with the control. We found a total of 770
proteins in these groups, while 585 were coexpressed. In the P-
MAPA group, there were SO downregulated and 21
upregulated proteins (Table 1) compared with the control,
considering the differential expression by at least +1.5-fold
change. The great majority of upregulated molecules are
proteins related to protein localization to the membrane,
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Figure 2. Cartoon displaying the intersection of proteins between the
experimental groups; 532 proteins coexisted among the control, P-
MAPA, IL-12, and P-MAPA + IL-12 groups. CP, control; I, IL-12; P,
P-MAPA; P + I, P-MAPA + IL-12.

epithelial cell differentiation, SRP-dependent cotranslational
protein targeting the membrane, and translational initiation.
Otherwise, the downregulated proteins are involved in protein
peptidyl-prolyl isomerization, intracellular transport, error-free
and -prone translesion synthesis, and the TRIF-dependent toll-
like receptor signaling pathway.

Figure 4 shows the up- and downregulated protein networks
with clusters of strong confidence (highest confidence: 0.900)
between the proteins produced by the SKOV-3 cells after IL-
12 treatment versus the control group. A total of 762 proteins
were identified, and 583 of them were coexpressed in the two
groups. Based on differential expression by at least a factor of
+1.5 in the IL-12 group relative to the corresponding control
group, we reported 85 downregulated proteins (Table 2),
which are involved in different biological processes and
molecular function: cytoskeleton organization, cellular compo-
nent organization or biogenesis, structural molecule activity,
protein-containing complex binding, and actin filament
binding. Conversely, from the 30 upregulated proteins, we
found some of them involved in a number of cellular events,
such as intracellular transport, chromosome and organelle
organization, chromatin silencing, structural molecule activity,
and protein heterodimerization.

The combinatory treatment of P-MAPA and IL-12 versus
the control group showed the up- and downregulated protein
network with a very strong confidence relationship (0.900)
(Figure 5). We found a total of 817 proteins, with 559 of them
being differentially expressed by at least a factor of +1.5 in the
P-MAPA + IL-12 group relative to the corresponding
untreated group. Among the 31 upregulated proteins, most
of them were involved in different biological processes and
molecular functions including canonical glycolysis, doxorubicin
and daunorubicin metabolic processes, trans-1,2-dihydroben-
zene-1,2-diol dehydrogenase activity, ketosteroid monooxyge-
nase activity, androsterone dehydrogenase activity, phenan-
threne 9,10-monooxygenase activity, and aldo-keto reductase
(NADP) activity (Table 3). We found 76 downregulated
proteins, with proteins involved in translational initiation, SRP-
dependent cotranslational protein targeting the membrane,
nuclear-transcribed mRNA catabolic process, nonsense-medi-
ated decay, mRNA catabolic process, cellular component
biogenesis, nucleosomal DNA binding, structural molecule
activity, protein-containing complex binding, cytoskeletal
protein binding, and structural constituent of ribosome.

2.3. P-MAPA and IL-12 Differentially Alter Cellular
Function-Related Proteins in SKOV-3 Cells. To provide
another view of which categories the differentially expressed
proteins belong to, gene ontology (GO) annotation was
carried out. We used PANTHER classification to demonstrate
the molecular function, cellular component, biological
processes, and protein class whereby specific treatment was
able to alter. The result was a large and complex molecule
network for each treatment. The main protein functions that
differentially varied after treatments with P-MAPA, IL-12, and
P-MAPA + IL-12 are summarized in Figures 6—8, respectively.
The proteins differentially regulated by P-MAPA, IL-12, and P-
MAPA + IL-12 treatments were the most closely related to
molecular functions such as binding, catalytic activity, and
structural molecule activity. With regard to biological
processes, the majority of these proteins were involved in a
metabolic process, biological regulation, and cellular compo-
nent organization or biogenesis, being represented mostly by
chaperones, cytoskeletal proteins, enzyme modulators, and
hydrolases. Importantly, modulation of key processes that
allow cancer cells to have a metabolic advantage and increased
capacity to regulate cell binding with other tissues might be an
important feature of all treatments.

We observed increased expressions of hybrid ubiquitin-
ribosomal protein L40 (RPL40) and ubiquitin-ribosomal
protein s27a (RPS27a) after the treatment with P-MAPA
(2.9-fold increase), IL-12 (1.94-fold increase), and P-MAPA +
IL-12 (2.6-fold increase). It has long been documented that
ubiquitin targets proteins for proteasome degradation or
nondegradation signaling.”* Anticancer drugs, such as -
fluorouracil, trichostatin A, and paclitaxel, often lead to
overexpression of ubiquitin, which causes increased suscepti-
bility to apoptotic cell death in a number of tumor cell lines.*®
In this process, the aggregation of ubiquitylated proteins in the
nucleus is an important event, and this transport can be
facilitated by ubiquitin binding to either RPS27a or RPL40.*
In colorectal cancer cells, upregulation of the UBAS2 gene,
which encodes the ubiquitin-RPL40 hybrid protein, is related
to cell-cycle arrest and apoptosis induction via activation of the
RPL40-MDM2-pS3 pathway, resulting in increased expression
of the tumor-suppressor p53.”° Additionally, all treatments
were able to upregulate polyubiquitin-B and -C, in which the
chains are highly related with caspase-8 activation mediated by
tumor necrosis factor receptor-associated factor 2 (TRAF2)
and, consequently, sensibilization of TNF-related apoptosis-
inducing ligand (TRAIL)-induced apoptosis.”” Since chemo-
resistance and tumor aggressiveness are common challenges in
the treatment of OC, the combined use of traditional
chemotherapeutics and adjuvant components capable of
modulating ubiquitination and promoting cell death might
improve the therapy efficacy.

Among proteins that were downregulated by P-MAPA, IL-
12, and P-MAPA + IL-12 treatments were myosin-9 (1.9-,
2.03-, and 2.5-fold decrease vs the control group, respectively),
T-complex protein 1 (2.08-, 2.24-, and 3.08-fold decrease), and
prohibitin-2 (2.24-, 2.07-, and 2.34-fold decrease). Myosin-9 is
a heavy chain of myosin IIA and is involved in cytokinesis,
maintenance of cell shape, and cell motility.”® It has been
suggested as a possible target for anti-invasive treatment in the
breast cancer cell line MCF-7"" and in gastric cancer.’’ Its
overexpression has been related to both decreased overall
survival and disease-free survival in esophageal squamous cell
carcinoma (ESCC)*® and also in lung adenocarcinoma.®’ T-

DOI: 10.1021/acsomega.9b02512
ACS Omega 2019, 4, 21761-21777



ACS Omega

ENSG00000263464

( A) ARHGDIA PPIAL4D @
e uss ﬂ"“‘;“ PPIALAF
DHRS2 PSMAS ( >
R —

Zahy
Enscodooogsom 6
@ PPIALAG XRCCS

(B) vIM
NME1-NME2 6 cors STIPL
PGK1 PSMD1
@ HBB

HBD \-3/
@""“ —
@CNBP SETSIP
HNRNPAL

HNRNPK
-
-
A —— RAB1IA
\" ..,.. </ RAB118
A\ reusea
= Ay, i MYH9

/

KRT6A
© . .
o
Ld
.
056 . . ©
o ° o
o ...- 2 °
% ~ ’.. v
039 "" [ °

Log2(Fold)
cwy? os’e

, oy

. o
(IIN

e
ol

° po ° .
R I T
% o o Io". Seal 0,8 %o ° . .
oqe. 2 1% ", o4 . = °
076 & o .o.. : : & & ° 2 o>
LY, ¢ °
oo ° % °
° L ° - ° 0o
o ° o
. . ‘ &
234 " °
1 255 4.09 564 718 873

Figure 3. Mapping of the protein association network in P-MAPA-treated SKOV-3 cells. Source of the protein—protein interaction is based on
cellular processing and its related molecular systems. Thicker lines show the highest confidence score (0.900) for upregulated (A) and
downregulated (B) molecules of a functional association in response to P-MAPA therapy in SKOV-3 cells. (C) Volcano plot indicates large
magnitude fold-changes (y-axis) and statistical significance (p-value, x-axis); this plot indicates log2 fold change vs —log2 false discovery rate
(FDR)-corrected p-value. Differentially expressed proteins are shown in the upper and lower right areas. See legends in Table 1.
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Table 1. Differentially Expressed Proteins in the P-MAPA Group versus the Control Group

protein ID

P62979
P62987
POCG47
P28066
POCG48
P49773
Q13268
QIUQS0
B2RPKO
P52895
Q6DRAG6
Q6DN03
P52565
P13010
P00441
PODN37
AOAOB4J2A2
AOAO075B759
FSH284
PODN26
QIYS36
P63241
P46779
PO05SS
P80723
P15880
P83881
Q969Q0
014950
P24844
P19105
P27797
P04626
Q99460
P31948
PO8670
075369
P30101
QIY490
P61978
P30050
P08727
PODMEO
Q15149
P02042
P68871
Q04695
P35241
P02538
P60900
P22392
Q8NCS51
Q02543
Q32ps1
P48668
P35579
P62633
P62491
Q15907
P04632
Q14240

description

ubiquitin-40S ribosomal protein S27a
ubiquitin-60S ribosomal protein L40
polyubiquitin-B

proteasome subunit a type-5

polyubiquitin-C

histidine triad nucleotide-binding protein 1
SDR family member 2, mitochondrial
proliferation-associated protein 2G4

putative high mobility group protein Bl-like 1
aldo-keto reductase family 1 member C2
putative histone H2B type 2-D

putative histone H2B type 2-C

Rho GDP-dissociation inhibitor 1

X-ray repair cross-complementing protein 5
superoxide dismutase [Cu—Zn]
peptidyl-prolyl cis—trans isomerase A-like 4G
peptidyl-prolyl cis—trans isomerase A-like 4C
peptidyl-prolyl cis—trans isomerase A-like 4E
peptidyl-prolyl cis—trans isomerase A-like 4D
peptidyl-prolyl cis—trans isomerase A-like 4F
peptidyl-prolyl cis—trans isomerase A-like 4A
eukaryotic translation initiation factor SA-1
60S ribosomal protein L28

phosphoglycerate kinase 1

brain acid soluble protein 1

408 ribosomal protein S2

60S ribosomal protein L36a

60S ribosomal protein L36a-like

myosin regulatory light chain 12B

myosin regulatory light polypeptide 9
myosin regulatory light chain 12A
calreticulin

receptor tyrosine-protein kinase erbB-2

26S proteasome non-ATPase regulatory subunit 1
stress-induced-phosphoprotein 1

vimentin

filamin-B

protein disulfide-isomerase A3

Talin-1

heterogeneous nuclear ribonucleoprotein K
60S ribosomal protein L12

keratin, type I cytoskeletal 19

protein SETSIP

plectin

hemoglobin subunit delta

hemoglobin subunit f

keratin, type I cytoskeletal 17

radixin

keratin, type II cytoskeletal 6A

proteasome subunit & type-6

nucleoside diphosphate kinase B
plasminogen activator inhibitor 1 RNA-binding protein
60S ribosomal protein L18a

heterogeneous nuclear ribonucleoprotein Al-like 2
keratin, type II cytoskeletal 6C

myosin-9

cellular nucleic acid-binding protein
ras-related protein Rab-11A

ras-related protein Rab-11B

calpain small subunit 1

eukaryotic initiation factor 4A-II

21765

% coverage

21.8
26.6
14.9
12.0
14.9
7.1
3.6
5.1
10.9
10.2
10.4
8.8
8.3
3.1
10.4
7.9
7.9
7.9
7.9
7.9
7.9
18.2
25.6
182
37.9
13.7
8.5
8.5
11.6
11.6
11.7
20.4
43
1.0
10.3
24.5
6.8
19.2
6.9
23.5
24.2
33.5
4.3
3.5
12.9
12.9
21.5
10.6
21.6
9.4
36.2
12.5
11.9
10.0
21.6
9.7
11.9
14.8
14.7
9.3
9.1

protein score fold change
15.5 2.90
15.5 290
18.5 2.90
8.5 2.58
15.5 235
2.9 2.34
4.6 2.05
5.6 1.89
7.6 1.78
8.8 1.62
129 1.60
12.9 1.60
7.3 1.54
4.4 1.54
3.0 1.52
4.4 1.51
4.4 1.51
4.4 1.51
4.4 1.51
4.4 1.51
44 1.51
6.6 —1.50
10.1 —1.51
24.0 —1.51
19.0 —1.53
15.3 —1.53
38 —1.59
3.8 —1.59
4.6 —1.59
4.6 —1.59
4.6 —1.59
39.1 —1.60
9.4 —1.63
3.1 -1.63
15.8 —1.64
46.7 —-1.64
41.9 —1.65
36.4 —1.66
49.0 —1.67
44.7 -1.67
18.5 —1.68
51.3 —-1.71
7.9 -1.72
374 —-1.72
8.9 -1.75
8.9 —-1.75
54.7 -1.76
239 —-1.78
41.7 —1.80
11.1 —1.82
25.8 —1.85
17.6 —1.86
6.0 —1.87
10.3 —1.87
44.2 —1.87
49.0 —1.91
5.8 —1.94
6.7 —1.94
6.7 —1.94
53 —1.95
139 —1.95
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Table 1. continued

protein ID description % coverage protein score fold change
P0S556 integrin f-1 7.6 15.6 —1.96
P04843 dolichyl-diphosphooligosaccharide-protein glycosyltransferase subunit 1 4.5 6.7 —1.97
060361 putative nucleoside diphosphate kinase 314 18.4 —2.05
P23246 splicing factor, proline- and glutamine-rich 5.9 12.4 —2.06
P78371 T-complex protein 1 subunit 11.0 15.6 —2.08
P09651 heterogeneous nuclear ribonucleoprotein Al 15.9 18.9 —2.10
P19338 nucleolin 6.2 13.9 —2.19
Q99623 prohibitin-2 4.0 5.0 —2.24
Q15185 prostaglandin E synthase 3 14.4 7.2 —2.28
Q07020 60S ribosomal protein L18 11.7 8.2 —2.52

complex 1 protein is involved in a number of biological
processes, particularly in cytoskeletal organization and cell-
cycle progression,”” and many studies found these proteins to
be strictly related to tumor progression.’”*" Particularly, in
ESCC, a T-complex protein 1 subunit expression increased cell
migration and invasion via regulation of a-actin and f-tubulin,
and its silencing has been suggested as a possible treatment
alternative.”> Notably, prohibitins have been shown to be
involved in cancer cell growth and survival, resistance to
chemotherapy, immune response, and metastasis through a
number of mechanisms, including p53-related transcriptional
regulation, TGF-f signa]inég pathway modulation, and Ras/
ERK pathway activation.’®*” In ovarian epithelial tumors,
prohibitin-2 is thought to induce cancer cell growth and
increase the susceptibility of malignant transformation,*® while
prohibitin-1 promotes survival of cancer cells, acting as an
antiapoptotic factor.”® Furthermore, cytoplasmic expression of
prohibitin-2 is involved in hormone-related growth of breast
cancer cells because it upregulates the estrogen-signaling
pathway.”” Prohibitin-1 and prohibitin-2 are overexpressed in
colorectal cancer, and serum concentration of these proteins,
also elevated in colorectal cancer patients, was suggested as a
potential biomarker for this disease.”" Prohibitin-2 clustering
with glucose-related protein 75 (GPR7S)/mortalin is related to
increased cell proliferation and tumorigenesis in metastatic
cells.*” To determine whether P-MAPA and IL-12 are capable
of slowing down the tumor cell motility (as they were already
proved to reduce migratory/proliferation capacity of cells),
novel approaches based on timing and tumor features
(subtype, grading, and staging) should be taken into
consideration during OC treatment.

Among proteins that were simultaneously and significantly
altered after treatments with IL-12 or the association P-MAPA
+ IL-12, we observed upregulation of cofilin-2 (2.41- and 2.46-
fold increase vs the control group, respectively). Cofilin-2,
which is known as the actin depolymerization factor, is a
member of the cofilins family, being crucial modulators of actin
dynamics.*® The role of human cofilin-2 (protein and gene) is
controversial in cancer. Important data suggest that cofilin-2 is
downregulated in pancreatic tumor tissues’' and that the
ability of actin depolymerization by cofilin is associated with
mitochondrial damage, cytochrome c release, and apoptosis
induction in cancer cells.”” Additionally, cofilin-2 translocation
to mitochondria and interaction with Drpl constitute key
events for mitochondrial fission and apoptosis induced by
erucin in breast cancer cells.*® On the other hand, studies have
suggested that cofilin-2 expression may play a role in malignant
progression, modulating cancer cell proliferation, invasion, and
metastasis.”~*’ Since we previously reported a reduction in

cell viability after exposure to all treatments, we believe that
increased cofilin-2 levels might hamper the ovarian tumor
growth by disrupting the cell metabolism, thus inducing cell
death and diminishing metabolic activity.

The most positive effects of treatments with IL-12 and P-
MAPA + IL-12 seem to be associated with downregulated
proteins: 6-phosphogluconate dehydrogenase (6PGD) (2.51-
and 2.35-fold decrease vs the control group, respectively),
Hsc70-interacting protein (2.44- and 2.38-fold decrease),
plectin (2.04- and 2.61-fold decrease), and myosin light chains
(2.66- and 2.34-fold decrease). 6PGD is an enzyme of the
oxidative pentose phosphate pathway, which is involved in
anabolic biosynthesis, glycolysis, and redox homeostasis in
cancer cells, thus providin§ metabolic advantages to cellular
survival and proliferation.””" The activity of this enzyme is
upregulated in a number of cancers and has been implicated in
chemoresistance of ovarian and other tumors.”” Inhibition of
6PGD selectively targeted breast cancer cells, sparing normal
breast cells>® and increasing the efficacy of chemotherapy in
cervical cancer through AMPK-independent inhibition of
RhoA and Racl activities.”* In addition, suppression of
6PGD sensitized cisplatin-resistant ovarian cancer cells to
cisplatin treatment via the AMPK-dependent pathway, thus
restoring its therapeutic efficacy.’” In the highly aggressive
anaplastic thyroid carcinoma, 6PGD inhibition is associated
with resensitization to doxorubicin treatment by decreasing
levels of NADPH, NADH, and enzymatic activity of sirtuin-
1.> Briefly, the disruption of cancer cell metabolism provided
by downregulation of 6PGD might be a highly positive effect
of treatment with IL-12 and association of P-MAPA and IL-12,
including chemosensitivity restoration.

Modulating the tumor ability for signaling and interacting
with normal cells is an important aim of alternative therapy. In
this context, treatment of OC cells with IL-12 and P-MAPA +
IL-12 significantly reduced the levels of the carboxyl terminus
Hsc70-interacting protein (CHIP). Notably, CHIP seems to
have dual functions in cancer, with some studies reporting its
role as a tumor suppressor and others as an oncogene.*®
Decreased CHIP expression in ER-positive breast cancer and
pancreatic cancer tissues is related with poor prognostic and
short survival of patients.””*” Additionally, CHIP levels are
inversely correlated with tumor malignancy in gastric cancer.”
Conversely, CHIP promotes the downregulation of Profilin-1
in breast cancer cells, thus possibly playing a role in cell
migration and metastasis.”” A number of studies have been
implicating CHIP in the modulation of the apoptosis-inducing
factor (AIF), tumor-suppressor pS53, and interferon regulatory
factor 1 (IRE-1).°"%” In esophageal squamous cell carcinoma,
high CHIP expression is correlated with increased number of
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Figure 4. Mapping of the protein association network in IL-12-treated SKOV-3 cells. Source of the protein—protein interaction is based on cellular
processing and its related molecular systems. Thicker lines show the highest confidence score (0.900) for upregulated (A) and downregulated (B)
molecules of a functional association in response to IL-12 therapy in SKOV-3 cells. (C) Volcano plot indicates large magnitude fold-changes (y-
axis) and statistical significance (p-value, x-axis); this plot indicates log 2 fold change vs —log2 FDR-corrected p-value. Differentially expressed
proteins are shown in the upper and lower right areas. See legends in Table 2.
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Table 2. Differentially Expressed Proteins in the IL-12 Group versus the Control Group

protein ID
095678
Q9Y281
P07858
Q8NO0Y7

P62979
P62987

POCG48
POCG47
P49207
P16520

P84098
P02538
P69905
P29622
P13647
P48668
P28066
B2RPKO

P62937

POCOSS
Q71UI19
QJL7LO
P20671
P04908
P16104
P06753
P61586
P04083
P04843

P09429
094925

P04080
P04439

P16188
P13746
P30512
P16189
P30453
P30459
P10316
P0S534
Q09160
P30450

P10314

% protein fold
description coverage  score change

keratin, type II cytoskeletal 75 4.9 9.2 4.84

cofilin-2 16.9 7.7 2.41

cathepsin B 6.2 4.7 2.03

probable phosphoglycerate 39 39 2,01
mutase 4

ubiquitin-40S ribosomal protein 21.8 15.5 1.94
S27a

ubiquitin-60S ribosomal protein 26.6 15.5 1.94
L40

polyubiquitin-C 5.0 15.5 1.94

polyubiquitin-B 14.9 15.5 1.94

60S ribosomal protein L34 154 7.8 1.94

guanine nucleotide-binding 2.9 3.7 191
protein G(I)/G(S)/G(T)
subunit -3

60S ribosomal protein L19 4.6 3.0 1.90

keratin, type II cytoskeletal 6A 6.6 15.8 1.89

hemoglobin subunit 15.5 6.1 1.88

kallistatin 1.9 5.7 1.84

keratin, type II cytoskeletal S 7.8 217 1.81

keratin, type II cytoskeletal 6C 6.6 15.8 1.72

proteasome subunit a type-S 12.0 8.5 1.65

putative high mobility group 10.9 7.6 1.61
protein Bl-like 1

peptidyl-prolyl cis—trans 18.8 189 1.58
isomerase A

histone H2A.Z 12.5 17.8 1.57

histone H2A.V 12.5 17.8 1.57

histone H2A type 3 12.5 17.8 1.57

histone H2A type 1-D 12.5 17.8 1.57

histone H2A type 1-B/E 12.5 17.8 1.57

histone H2AX 12.5 17.8 1.57

tropomyosin a-3 chain 10.9 15.6 1.57

transforming protein RhoA 109 7.8 1.8

annexin Al 17.3 32.9 1.52

dolichyl- 1.7 3.8 1.52
diphosphooligosaccharide-
protein glycosyltransferase
subunit 1

high mobility group protein B1 172 16.2 151

glutaminase kidney isoform, 7.9 19.7 —151
mitochondrial

cystatin-B 39.8 8.6 —1.53

HLA class I histocompatibility 9.0 8.5 —1.55
antigen, A-3 a chain

HLA class I histocompatibility 9.0 8.5 -1.55
antigen, A-30 & chain

HLA class I histocompatibility 9.0 8.5 —1.55
antigen, A-11 a chain

HLA class I histocompatibility 9.0 8.5 —1.55
antigen, A-29 a chain

HLA class I histocompatibility 9.0 8.5 —1.55
antigen, A-31 & chain

HLA class I histocompatibility 9.0 8.5 —1.55
antigen, A-34 a chain

HLA class I histocompatibility 9.0 8.5 -1.55
antigen, A-74 a chain

HLA class I histocompatibility 9.0 8.5 —1.55
antigen, A-69 a chain

HLA class I histocompatibility 9.0 8.5 —1.55
antigen, A-24 a chain

HLA class I histocompatibility 9.0 8.5 —1.55
antigen, A-80 a chain

HLA dlass I histocompatibility 9.0 8.5 -1.55
antigen, A-26 a chain

HLA class I histocompatibility 9.0 8.5 —1.55

antigen, A-32 a chain

21768

protein ID

P16190
P01891
P30456
P30447
P01892
P30457
P18462

P35080
P60763

P14866

P60900
P62879

P06454
PODMEO
P30050
P19012
QINQC3
P22392
P04626

Q77406
P35749
P18206
P12956

P05783
P07237
043707
075369
P25786
P0S141
P12814
P83881
QU69Q0
P13646
P35241
Q92945

P40121
Q9H4B7
P52907

P60842
QIY490
P08727
P15880
PODP2S
PODP24
PODP23
P30101
Q13509
Q14240
060361

QSIVE2

description
HLA class I histocompatibility
antigen, A-33 a chain

HLA class I histocompatibility
antigen, A-68 a chain

HLA class I histocompatibility
antigen, A-43 a chain

HLA dlass I histocompatibility
antigen, A-23 @ chain

HLA dlass I histocompatibility
antigen, A-2 a chain

HLA class I histocompatibility
antigen, A-66 a chain

HLA class I histocompatibility
antigen, A-25 a chain

profilin-2

ras-related C3 botulinum toxin
substrate 3

heterogeneous nuclear
ribonucleoprotein L

proteasome subunit a type-6

guanine nucleotide-binding
protein G(1)/G(S)/G(T)
subunit f-2

prothymosin a

protein SETSIP

608 ribosomal protein L12

keratin, type I cytoskeletal 15

reticulon-4

nucleoside diphosphate kinase B

receptor tyrosine-protein kinase
erbB-2

myosin-14
myosin-11
vinculin

X-ray repair cross-complementing
protein 6

keratin, type I cytoskeletal 18
protein disulfide-isomerase
a-actinin-4

filamin-B

proteasome subunit & type-1
ADP/ATP translocase 2
a-actinin-1

60S ribosomal protein L36a
60S ribosomal protein L36a-like
keratin, type I cytoskeletal 13
radixin

far upstream element-binding
protein 2

macrophage-capping protein
tubulin #-1 chain

F-actin-capping protein subunit
a-1

eukaryotic initiation factor 4A-I

talin-1

keratin, type I cytoskeletal 19

40S ribosomal protein $2

calmodulin-3

calmodulin-2

calmodulin-1

protein disulfide-isomerase A3

tubulin -3 chain

eukaryotic initiation factor 4A-II

putative nucleoside diphosphate
kinase

protein AHNAK2

% protein fold
coverage  score  change
9.0 8.5 —1.55
9.0 8.5 —1.55
9.0 85 -1
9.0 8.5 —1.55
9.0 85  —1sS
9.0 8.5 —1.55
9.0 85  —155
10.0 8.8 —1.55
15.6 72 —1.55
4.4 10.1 —1.55
9.4 7.3 —-1.57
9.4 6.5 —1.57
23.4 23.0 —-1.57
6.3 5.9 —1.57
242 17.1 -1.57
7.5 27.6 —1.58
2.3 9.9 —1.58
31.6 18.1 —1.58
19 8.5 —-1.59
1.8 16.5 —1.60
1.8 16.5 —1.60
12.8 50.7 —1.60
3.9 4.6 —1.61
10.0 17.8 —1.61
12.8 12.8 —1.64
152 49.8 —1.64
54 37.0 —1.66
152 10.2 —1.67
14.4 16.7 —1.69
9.9 43.6 -1.70
8.5 3.5 -1.70
8.5 3.5 -1.70
10.3 24.1 -1.72
9.4 218 —-1.74
4.8 7.3 —-175
6.3 42 -1.77
6.2 115 -1.78
8.0 5.5 —1.81
10.6 18.3 —-1.81
8.2 52.2 —-1.82
26.3 46.6 —1.84
16.0 19.5 —1.84
6.0 8.1 —1.86
6.0 8.1 —1.86
6.0 8.1 —1.86
212 31.3 -1.89
13.8 15.8 —1.89
54 11.6 —-1.93
31.4 18.1 —1.94
1.0 12.8 —-1.95
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Table 2. continued
% protein fold
protein ID description coverage  score change
P23396 40S ribosomal protein S3 21.4 19.5 -1.97
P80723 brain acid soluble protein 1 45.8 24.8 —2.00
P19338 nucleolin 83 13.7 -2.02
P35579 myosin-9 8.3 52.2 —2.03
P63000 ras-related C3 botulinum toxin 229 10.1 -2.03
substrate 1

Q15149 plectin 4.0 479 —2.04
P61313 60S ribosomal protein L15 4.4 54 -2.05
P28070 proteasome subunit § type-4 3.8 4.0 -2.07
Q99623 prohibitin-2 4.0 3.9 —2.07
Q86V81 THO complex subunit 4 4.3 4.8 -2.07
P78371 T-complex protein 1 subunit 9.2 16.0 —2.24
P62633 cellular nucleic acid-binding 11.9 7.7 -2.30

protein

metastatic lymph nodes.”> Xu and colleagues®* reported CHIP
activation of MAPK and AKT signaling activities and
upregulation of E-cadherin, which led to epithelial-mesen-
chymal transition and enhanced migration and invasion
potential of cells.

Cellular dynamics is a fundamental characteristic for cellular
proliferation and, consequently, for tumor growth. Decreased
levels of myosin regulatory light chain (MLC) and plectin after
IL-12 and the combination of P-MAPA and IL-12 may be able
to impair cancer cell dynamics, directly by avoiding cell
proliferation and reducing their aggressiveness. The MLC
phosphorylation seems to be an important marker for cancer
cell functions, including cell growth, adhesion, and migra-
tion.*>* Leiomyosarcomas with high (proliferative activity
present increased MLC phosphorylation,””** which is majorly
measured by MLC kinase (MLCK) expression. In fact, the
blockage of MLCK activities by a pharmacological inhibitor
decreases breast cancer cell growth.””’’ The expression of
phosphomimetic MLC is able to increase the proliferative rate
calculated by Ki-67 expression.”” Another important protein to
control cellular dynamics is plectin, playing key roles in
cytoskeleton anchoring, signal transduction, and even in
apoptosis induction.”'~* Katada and colleagues™ observed
that plectin expression is significantly higher in tumor tissues
compared with nontumor tissues in head and neck squamous
cell carcinoma (HNSCC). Overexpression of this protein has
also been reported in colorectal cancer, pancreatic cancer, and
prostatic cancer.””~”” Additionally, its upregulation is directly
associated with poor prognosis and increased frequency of
recurrence. Plectin also activates ERK 1/2 kinases to promote
migration and invasion of HNSCC cells.”* The depletion of
plectin is able to impair cellular proliferation and migration in
the MCF-7 breast cancer cell line”® and in PC3 prostate cancer
cells.”

Finally, treatment with P-MAPA and the association of P-
MAPA and IL-12 significantly reduced the levels of the key
protein vimentin (1.64- and 2.52-fold decrease vs the control
group, respectively). Vimentin is an intermediate filament
found in various mesenchymal cells in a wide variety of tissues,
responsible for the maintenance of cell and tissue integrity.*
In platinum-resistant ovarian cancer cell lineages, the reduction
of vimentin levels by miRNA let-7g overexpression resulted in
reduced epithelial-to-mesenchymal transition (EMT), de-
creased their migratory potential, and restored sensitivity to
platinum-based chemotherapy.”' High expression of vimentin

% protein fold

protein ID description coverage  score  change
QIS185 prostaglandin E synthase 3 11.3 5.7 -2.36
Q8NFI4 putative protein FAM10AS 52 52 —2.44
P50502 Hsc70-interacting protein 52 52 —2.44
Q8IZP2 putative protein FAM10A4 7.9 52 —2.44
P52209 6-phosphogluconate 6.6 154 —2.51
dehydrogenase, decarboxylating
P24844 myosin regulatory light 17.4 8.2 —2.66
polypeptide 9
014950 myosin regulatory light chain 12B 17.4 82 —2.66
P1910S myosin regulatory light chain 12A 17.5 8.2 —2.66
P0S5556 integrin -1 6.3 19.3 -2.78
QYBUFS  tubulin -6 chain 123 144 =301

has also been implicated in poor prognosis in a number of
other cancer types, such as breast cancer, prostate cancer,
colorectal cancer, and nonsmall-cell lung cancer.””™® Its
upregulation is further associated with decreased disease-free
survival and increased lymph node metastasis in colorectal
cancer.®® Vimentin is a key factor for epithelial plasticity and
cytoplasm architecture maintenance during the epithelial—
mesenchymal transition, and its overexpression confers
elevated cancer cell motility, directional migration, and
metastasis.">***” In the MDA-MB231 breast cancer cell line,
the depletion of vimentin promoted reorganization of the
cytoskeleton and decreased cell proliferation and motility.””
We believe that the association of P-MAPA with IL-12 is
important to disassemble part of the cytoskeleton that
regulates tumor cell aggressiveness.

In summary, our present findings reveal important
mechanisms by which immunotherapy with P-MAPA and IL-
12 may impact OC progression and aggressiveness. The wide
variety of targets exhibited herein shows that these treatments
are able to attack OC cell malignant functions through
different regulatory mechanisms. Future studies associating
these therapies with OC standard chemotherapy (e.g., taxanes
and platinum derivatives) could also bring an important
approach regarding the use of these compounds as adjuvant
therapeutics.

3. CONCLUSIONS

We described a number of important changes in several
protein signatures that are modulated by P-MAPA and IL-12
therapies in ovarian cancer SKOV-3 cells. While P-MAPA and
IL-12 alone were efficient to upregulate structural proteins
(e.g, related to tight junctions), they downregulated molecules
involved in cell signaling that are associated with cancer
progression. Combinatory therapy with P-MAPA and IL-12
was the most efficient to distinctively regulate proteins
involved in metabolic processes, such as energy and
mitochondrial processes, cell oxidation, and senescence;
inhibition of these activities may render cancer cells more
vulnerable to structural instability, apoptosis, and metabolical
dysfunctions. This approach provides reliable insights into the
cellular regulation associated with OC progression and,
alternatively, suggests the therapeutic use of P-MAPA and
IL-12 as a complementary strategy for OC treatment.
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Figure S. Mapping of the protein association network in P-MAPA + IL-12-treated SKOV-3 cells. Source of the protein—protein interaction is based
on cellular processing and its related molecular systems. Thicker lines show the highest confidence score (0.900) for upregulated (A) and
downregulated (B) molecules of a functional association in response to P-MAPA + IL-12 therapy in SKOV-3 cells. (C) Volcano plot indicates large
magnitude fold-changes (y-axis) and statistical significance (p-value, x-axis); this plot indicates log 2 fold change vs —log 2 FDR-corrected p-value.
Differentially expressed proteins are shown in the upper and lower right areas. See legends in Table 3.
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Table 3. Differentially Expressed Proteins in the P-MAPA + IL-12 Group versus the Control Group

protein ID
P62987

P62979

POCG47
QY281
095678
Q04828

P42330
P52895

P0CG48
P28066
P48509
P52565

P81605
P15259
P18669
P09429

P09104
P13929
P26447
P17516

P46782
P05062

P62937
B2RPKO

P29622
Q71U19
POCOSS
P16104
P20671
QIL7LO
P04908
P60763

P02533
QYH4B7
Q71DI3
Q16695
P68431
094925

043707
P19338
P62873
P60953
060361

Q9HAV0

P300S0
P06454
P40121

description
ubiquitin-60S ribosomal
protein L40

ubiquitin-40S ribosomal
protein §27a

polyubiquitin-B
cofilin-2
keratin, type II cytoskeletal 75

aldo-keto reductase family 1
member C1

aldo-keto reductase family 1
member C3

aldo-keto reductase family 1
member C2

polyubiquitin-C
proteasome subunit & type-$
CDI1S1 antigen

Rho GDP-dissociation
inhibitor 1

dermcidin

phosphoglycerate mutase 2

phosphoglycerate mutase 1

high mobility group protein
Bl

y-enolase
f-enolase
protein S100-A4

aldo-keto reductase family 1
member C4

40S ribosomal protein S$

fructose-bisphosphate
aldolase B

peptidyl-prolyl cis—trans
isomerase A

putative high mobility group
protein Bl-like 1

kallistatin

histone H2A.V

histone H2A.Z

histone H2AX

histone H2A type 1-D
histone H2A type 3
histone H2A type 1-B/E

ras-related C3 botulinum toxin
substrate 3

keratin, type I cytoskeletal 14
tubulin $-1 chain

histone H3.2

histone H3.1t

histone H3.1

glutaminase kidney isoform,
mitochondrial

a-actinin-4
nucleolin

guanine nucleotide-bindin
protein G(I)/G(S)/G(T
subunit -1

cell division control protein 42
homolog

putative nucleoside
diphosphate kinase

guanine nucleotide-binding
protein subunit f-4

60S ribosomal protein L12
prothymosin a
macrophage-capping protein

%
coverage

26.6

21.8

14.9
16.9
4.9
8.1

7.7

8.1

5.0
12.0
6.7
8.3

10.0
7.9
7.9

13.5

104
104
26.7

2.8

8.3
3.9

18.8

7.1

1.9
12.5
12.5
16.1
17.7
17.7
17.7
104

27.1
6.2
14.0
14.0
14.0
7.9

15.4
4.7
9.4

11.5

5.9

24.2
23.4
6.3

protein
score

18.5
15.5

15.5
7.7
9.2
8.8

7.6
8.8

18.5
7.7
8.3
6.3

5.3
S.S
S.5
16.2

18.8
18.8
7.6
5.6

7.3
9.1

7.6

5.7
17.8
17.8
17.8
17.8
17.8
17.8

5.6

47.6
11.5
7.1
7.1
7.1
21.8

46.5
9.7
11.9
7.8
13.5
7.8

15.6
23.5
4.0

fold
change

2.60
2.60

2.60
2.46
2.10
2.06

2.06
2.06

2.08
1.98
1.95
1.86

1.83
1.80
1.80
178

1.78
1.78
177
176

175
1.67

1.67
1.65

1.61
1.58
1.58
151
1.51
151
1.51
—1.52

—1.52
—-1.53
—1.53
—1.53
—1.53
—1.53

—1.53
—1.54
—1.54
—1.54
—1.55

—1.55

—1.56
—1.56
—-1.57

21771

protein ID
QIUQ80

PS2907

P12814
Q00610
P60842

P30101
075369
P12235
P12236
P61978

Q01130
Q99460
P63000

QI518S
P62879

P62241
POS141
P35241
Q14240

QIY266

PS0914
Q13509
PODP24
PODP25
PODP23
QINQC3
P08727
P14866

P35637
P05783
P61313
Q8681
P23396
P25788
Q92945

P60900
P80723
QSIVE2
P35749
QUZ406
P35580
Q99623
014950

P24844
P1910S

PS2209

QSNFI4

description
proliferation-associated
protein 2G4

F-actin-capping protein
subunit a-1

a-actinin-1
clathrin heavy chain 1

eukaryotic initiation factor
4A-1

protein disulfide-isomerase A3
filamin-B

ADP/ATP translocase 1
ADP/ATP translocase 3

heterogeneous nuclear
ribonucleoprotein K

serine-/arginine-rich splicing
factor 2

26S proteasome non-ATPase
regulatory subunit 1

ras-related C3 botulinum toxin
substrate 1

prostaglandin E synthase 3

guanine nucleotide-bindin;
protein G(I)/G(S)/G(T
subunit -2

40S ribosomal protein S8
ADP/ATP translocase 2
radixin

eukaryotic initiation factor
4A-1I

nuclear migration protein
nudC

60S ribosomal protein L14
tubulin $-3 chain
calmodulin-2

calmodulin-3

calmodulin-1

reticulon-4

keratin, type I cytoskeletal 19

heterogeneous nuclear
ribonucleoprotein L

RNA-binding protein FUS
keratin, type I cytoskeletal 18
60S ribosomal protein L1S
THO complex subunit 4

408 ribosomal protein S3
proteasome subunit a type-3

far upstream element-binding
protein 2

proteasome subunit a type-6

brain acid soluble protein 1

protein AHNAK2

myosin-11

myosin-14

myosin-10

prohibitin-2

myosin regulatory light chain
12B

myosin regulatory light
polypeptide 9

myosin regulatory light chain

2A

6-phosphogluconate
dehydrogenase,
decarboxylating

putative protein FAM10AS

% protein fold
coverage  score  change
12.2 12.0 —1.58
8.0 5.3 —1.58
10.3 40.8 —1.61
4.8 21.3 —1.62
10.6 15.9 —1.63
19.4 30.0 —1.64
5.5 34.6 —-1.65
11.1 16.5 —1.66
11.1 16.5 —1.66
17.3 30.1 —1.66
10.0 7.4 —1.67
1.0 3.3 —1.68
104 7.9 —1.69
194 S.5 -1.69
6.5 7.8 —-1.71
13.0 9.8 -175
144 20.8 -1.77
10.3 25.2 -1.77
S.4 11.3 —1.78
8.8 9.5 —-1.78
10.7 11.4 —1.84
13.8 14.8 —1.85
6.0 6.6 -1.86
6.0 6.6 —-1.86
6.0 6.6 —-1.86
2.3 10.2 —1.87
33.3 54.1 —1.88
4.4 10.8 —-1.91
3.0 7.3 —1.94
11.9 22.4 -1.97
4.4 6.6 -2.00
4.3 S.1 —2.02
21.0 18.2 —2.03
11.0 6.8 —2.0§
4.8 9.1 —2.05
12.6 11.0 —2.06
45.8 20.6 -2.10
1.0 15.5 —2.14
22 22.4 -2.16
2.2 22.4 -2.16
2.6 22.2 —2.30
7.0 5.7 —2.34
6.4 6.9 —2.34
6.4 6.9 —2.34
6.4 6.9 —2.34
6.6 134 -235
S2 5.3 —2.38
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Table 3. continued

% protein fold

protein ID description coverage  score change
P50502 Hsc70-interacting protein 52 5.3 —2.38
Q81ZP2 putative protein FAM10A4 7.9 5.3 —2.38
P15880 408 ribosomal protein S2 16.0 26.8 —2.50
P35579 myosin-9 9.7 622 —2.51
P08670 vimentin 313 88.0 —2.52
Q15149 plectin 6.4 717 —2.61
P83881 60S ribosomal protein L36a 16.0 7.8 —2.66

Molecular function

W binding (GO:0005488)

W catalyticactivity (G0:0003824)

W molecular function regulator (G0:0098772)
molecular transducer activity (GO:0060089)

W structural molecule activity (GO:0005198)

W transcription regulator activity (G0:0140110)
translation regulator activity (GO:0045182)

Biological process

= biological adhesion (G0:0022610)
® biological regulation (GO:0065007)

W cellular process (G0:0009987)

 developmental process (G0:0032502)

W localization (GO:0051179)

W locomotion (GO:0040011)

W metabolic process (G0:0008152)
multicellular organism process (G0:0032501)
response to stimulus (GO:0050896)

W signaling (GO:0023052)

cellular component organization or biogenesis (G0:0071840)

% protein fold

protein ID description coverage  score  change
Q969Q0 6(}Skribosomal protein L36a- 16.0 7.8 —2.66
ike
P26373 60S ribosomal protein L13 14.2 17.2 —2.87
P78371 T-complex protein 1 subunit 11.0 19.5 —-3.08
QYBUFS  tubulin -6 chain 96 151 -312
Q02543 60S ribosomal protein L18a 16.5 14.2 =327
Q07020 60S ribosomal protein L18 309 20.8 —4.29

Cellular component

| cell junction (GO:0030054)
cell (GO:0005623)
extracellular region (G0:0005576)
m membrane (G0:0016020)
W organelle (GO:0043226)
™ protein-containing complex (G0:0032991)
W supramolecular complex (GO:0099080)

Protein class

W calcium-binding protein (PCO0060)
cell adhesion molecule (PCO0069)

W chaperone (PC00072)

W cytoskeletal protein (PCO008S)

W enzyme modulator (PC00095)

= hydrolase (PC00121)

W nudleicacid binding (PC00171)
oxidoreductase (PC00176)
receptor (PC00197)

m signaling molecule (PC00207)

W transcription factor (PC00218)
transferase (PC00220)

Figure 6. Pie charts of the proteins that were differentially altered in SKOV-3 cells following P-MAPA treatment. PANTHER classification
indicates functionally distinct proteins according to their molecular functions, biological processes, cellular components, and class.
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oxidoreductase (PC00176)
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Figure 7. Pie charts of the proteins that were differentially altered in SKOV-3 cells following IL-12 treatment. PANTHER classification indicates
functionally distinct proteins according to their molecular functions, biological processes, cellular components, and class.

4. EXPERIMENTAL SECTION

4.1. Cell Line and Culture. Human OC cell line, SKOV-3,
was purchased from the American Type Culture Collection
(ATCC, Rockville, MD). During the experiment, SKOV-3 cells
were incubated with RPMI 1640 (Life Technologies, Grand
Island, NY) supplemented with 10% fetal bovine serum and
1% anti-anti solution (100 mg/mL penicillin G, and 100 ug/
mL streptomycin (Merck, Darmstadt, Germany)). Cells were
maintained at 37 °C in a humidified atmosphere of 5% CO,
and the culture medium was changed every 2—3 days.

4.2. P-MAPA and IL-12 Treatments. To determine the
better dose—response effect, three different doses of P-MAPA
(25, 50, and 100 pg/mL) were used in accordance with
Favaro." Initially, 5 mg of P-MAPA was diluted in 1 mL of
saline to achieve a stock solution of 5 mg/mL; this solution
was then diluted in the cell culture medium to obtain the
proper concentrations. For the treatment with recombinant
(th)IL-12, doses of 0.5, 1, and 2 ng/mL were used in the
culture medium in accordance the method of Su and
colleagues.” To combine P-MAPA with IL-12, the most
representative dose and incubation time were chosen after
performing the MTT assay. The saline solution was used as a
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Figure 8. Pie charts of the proteins that were differentially altered in SKOV-3 cells following P-MAPA + IL-12 treatment. PANTHER classification
indicates functionally distinct proteins according to their molecular functions, biological processes, cellular components, and class.

solvent vehicle control and administered in the same
procedures for treatments.

4.3. MTT Assay. SKOV-3 cells were seeded in a plate at a
density of 1 X 10° cells/well. Cellular activity or toxicity was
first evaluated using the three concentrations of both
treatments, P-MAPA and IL-12, after 0, 24, 48, and 72 h
exposure. All analyses were performed in three technical and
biological replicates. MTT solution was added to the wells for
4 h, and the crystals were diluted with dimethyl sulfoxide
(DMSO) under agitation. The concentration was determined
by an Epoch microplate reader (BioTek Instruments, Highland
Park, PO) at 540 nm, with the reference curve fixed at 650 nm.
The percentage (%) of crystal formation was calculated based
on the control group as the reference. After the testing assay,
we determined the doses of 25 pg/mL P-MAPA and 1 ng/mL
IL-12 and set the period of treatment at 48 h. Since the study
proposed to globally identify proteins involved in potential
signaling pathways that are modulated by the treatments, we
defined doses and periods capable of decreasing 10—30% cell
viability; higher doses could bias the results because the
increased cell death might result in loss of important proteins.

4.4. Protein Quantification. After treatments, the
proteins were extracted from SKOV-3 cells in biological
triplicate from each experiment and were quantified in
triplicate using a colorimetric method described by Bradford
(BioRad Protein Assay Kit; Cod. 500-0001). Bovine serum
albumin (0.1% BSA) was used as the reference protein. After
quantification, individual samples were transferred to Eppen-
dorf LoBind tubes and diluted with 0.9% (m/v) saline solution
until reaching the concentration of 50 ug/40 uL for each
sample.

4.5. In-Solution Trypsin Digestion. All samples were
subjected to the protocol for trypsin digestion. First, 50 ug of
lyophilized proteins was diluted in 50 mM ammonium
bicarbonate, and 25 uL of RapiGest SF surfactant (code
186001861, Waters Corporation) was added to the samples for
60 min at 37 °C. Then, samples were reduced and alkylated
with 10 mM dithiothreitol (DTT) and 45 mM iodoacetamide
(IAA) at room temperature (RT) for 20 min. Enzymatic
digestion was performed using trypsin (1:100; enzyme/
sample) solubilized in S0 mM ammonium bicarbonate buffer
(pH 7.8) for 18 h. Hydrolysis was stopped by adding 1% (v/v)
formic acid to the samples for 1 h. Samples were incubated for

90 min at RT and then centrifuged at 14 000g for 30 min at 6
°C. Supernatants were removed into a new tube and subjected
to desalting columns Peptide Cleanup C18 Spin (code 5188-
2750 Agilent Technologies). After peptides were dried in
vacuum (SpeedVac; Thermo Scientific), they were dissolved in
3% acetonitrile (ACN) with 0.1% formic acid solution before
analysis.

4.6. Peptide Sequencing for Mass Spectrometry.
Label-free analysis was performed using a liquid nanocromato-
graph (Ultimate 3000 LC Dionex, Germering, Germany)
coupled to a quadrupole-orbitrap model mass spectrometer Q-
Exactive (ThermoFisher Scientific, Bremen, Germany). The
chromatograph was equipped with a binary system of pumps
and an automatic sample applicator. The mobile phase
consisted of 0.1% (v/v) formic acid in water LCMS (solvent
A) and 0.1% (v/v) formic acid in 80% (v/v) ACN (solvent B).
The peptides were loaded in a precolumn C18, 30 ym X S mm
(code 164649, ThermoFisher Scientific), and desalting was
carried out in an isocratic gradient of 4% B for 3 min at a flow
rate of 300 nL/min. Then, peptides were fractioned using the
analytical column Reprosil-Pur C18-AQ, 3 ym, 120 A, 105 mm
(code 1PCH7515-105H354-NV, PICOCHIP) using a linear
gradient of 4—55% B for 30 min, 55—90% B for 1 min,
maintained at 90% B for S min, and recalibrated at 4% B for 20
min (flow rate of 300 nL/min). Positive ionization was
obtained in a Nanospray ion source (PICOCHIP) with the
DDA method. Mass spectra were acquired in the mass range of
m/z 200—2000, resolution of 70.000, and 100 ms for injection
time. The fragmentation chamber was conditioned with
collision energy between 29 and 35%, with resolution of
17.500, SO ms of injection time, 4.0 m/z of MS/MS isolation
window, and dynamic exclusion of 10 s. All samples were
quantified in biological and technical triplicate. Spectrometry
data were acquired using Thermo Xcalibur software (version
4.0.27.19, ThermoFisher Scientific Inc.).

4.7. Data Analysis. For proteomic analyses, the raw
data.RAW was subjected to software PatternLab (version
4.0.0.84; Carvalho and colleagues)™ to identify and determine
which proteins were differentially expressed. The parameters
used were the Swiss-Prot database (Homo sapiens taxonomy),
trypsin as the proteolytic enzyme, permission of two lost
cleavages, fixed modifications of cysteine carbamidomethyla-
tion and methionine oxidation as variable modification, and
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tolerance errors of MS 40 ppm and MS/MS 0.0200 ppm. The
false discovery rate (FDR) was set at <1%. We used only
proteins obtained in all three runs, and the spectral counts for
each protein were normalized by the weighted average of
replicates of each sample. Missing data were analyzed by
multiple imputation according to Royston,”” and the standard
errors were computed according to the “Rubin rules”.”" Only
proteins that showed statistical significance at p < 0.05 and a
protein ratio less than 1.5-fold change or greater than 1.5-fold
change were used. Results were compared using Student’s ¢
test to set the differences between the groups (p < 0.05).
Additional analyses of cellular components, molecular
function, and biological processes were determined through
Protein Annotation Through Evolutionary Relationship
(PANTHER) (http://pantherdb.org/) classification, and net-
work interactions between proteins were obtained using
STRING software (http://string-db.org/) under the basic
parameters of cutoff score of 0.900 (highest confidence),
eviden%e as network edges, and PPI enrichment p-value of <1.0
X 107",
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Conclusoes

O presente estudo avaliou o efeito das imunoterapias com P-MAPA e IL-12, isolados ou
combinados, na agressividade e na via de sinalizagdo dos TLRs. Foi observado que ambos os
tratamentos produzem efeitos anti-tumorigénicos nas células SKOV-3, como reducdo da
viabilidade, metabolismo e motilidade celular. O P-MAPA ¢ capaz de diminuir o potencial
invasivo das células tumorais e de aumentar a sensibilidade das mesmas ao tratamento com
paclitaxel. A terapia combinada com P-MAPA e IL-12 apresenta um potente efeito na via de
sinalizacdo dos TLRs, sendo capaz de diminuir os niveis de moléculas adaptadoras e produtos
finais envolvidos na inducdo da inflamag¢do e, potencialmente, na quimiorresisténcia das células
de cancer de ovario. Particularmente, o tratamento com P-MAPA e P-MAPA+IL-12 estimula a
secrecdo de mediadores pro e anti-inflamatorios, sendo capaz de modular eficientemente a
imunogenicidade do microambiente tumoral. Adicionalmente, através da estratégia de analise
protedmica global, observa-se que o P-MAPA e IL-12 isolados regulam os niveis de proteinas
estruturais e de sinalizacdo celular tradicionalmente envolvidas na progressdo do cancer. A
associacdo dos dois compostos também promove a modulacdo de importantes proteinas
envolvidas em diversos processos celulares, como oxidacao celular, senescéncia, processos
metabolicos e energéticos, alteragdes estas que podem levar a instabilidade das células tumorais,
disfungcdes metabodlicas e resultar no aumento dos indices de morte celular. Este trabalho
descreve uma série de efeitos importantes dos compostos P-MAPA e IL-12 que os tornam
potenciais candidatos a estudos mais aprofundados de seus papéis como agentes adjuvantes para
o tratamento do cancer de ovario, uma vez que, além de seu conhecido efeito na modulag¢ao do
sistema imune, também influenciam diretamente as células tumorais ovarianas, favorecendo a

eficacia dos tratamentos mais tradicionais e reduzindo a sua agressividade.
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