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Atividade antitumoral in vitro da hipericina encapsulada com o plurdnico®

P123 em modelo de neoplasia cervical

RESUMO
A terapia fotodindmica (TFD) é uma modalidade terapéutica relativamente nova
aplicada em diversas doengas proliferativas ou com crescimento celular anormal, como
0s tumores teciduais. Ela é baseada na utilizacdo de um composto fotossensibilizador
(FS) que sob a acdo de luz de determinado comprimento de onda na presenca de
oxigénio molecular (O,) pode gerar oxigénio singlete (*O,) e espécies reativas de
oxigénio (EROs), responséveis pelos danos celulares. Essa técnica vem sendo utilizada
para o tratamento de diversas patologias inclusive o cancer, visto que as opcles de
tratamento para obter efeitos citotoxicos em células neoplésicas e evitar, portanto, o
avanco da doenca, ainda sdo limitadas e apresentam elevadas taxas de insucesso. Nesta
perspectiva, diversos trabalhos ja demonstraram a atividade da TFD em estudos in vitro,
in vivo e em humanos, inclusive alguns FS ja sdo utilizados na pratica clinica. No
contexto da busca de novos tratamentos para o cancer, diversos estudos evidenciaram
uma atividade multifacetada da hipericina (HIP) como FS na TFD, utilizando
concentragfes na ordem de micro a nanomolar sobre diversas linhagens celulares
tumorais. Com relagdo ao cancer cervical, a busca para novos tratamentos se faz
importante, visto que ele é um importante problema de satde publica, sendo o quarto
tipo mais comum de cancer em mulheres no mundo e o terceiro tumor mais frequente na
populacdo feminina brasileira, quando excluidos os casos de céncer de pele ndo
melanoma. A infec¢do pelo Papillomavirus humano (HPV) esta relacionada com o
desenvolvimento deste cancer em 99,7% dos casos, bem como das lesbes pré-
neoplésicas cervicais. As opcles de tratamento para obter efeitos citotdxicos a fim de
evitar o avango do céncer cervical ainda séo limitadas e apresentam elevadas taxas de
insucesso terapéutico, auxiliando no mau prognéstico da doenca. Para explorar novos
possiveis candidatos terapéuticos para o cancer cervical, no presente estudo foram
avaliados os efeitos da HIP encapsulada plurénico® P123 (HIP/P123) na TFD em um
painel abrangente de linhagens celulares derivadas de cancer cervical humano,
incluindo HeLa (HPV 18-positivo), SiHa (HPV 16-positivo), CaSki (HPV 16 e 18-
positivo) e C33A (HPV-negativo), em comparacdo com linhagem de células epiteliais

humanas ndo tumorigénicas (HaCaT). Foram investigados os efeitos da TFD com



HIP/P123 quanto a: citotoxicidade celular e fototoxicidade; internalizacdo e localizacao
subcelular; via de morte celular e estresse oxidativo; migracdo e invasdo. No0ssos
resultados mostraram que as micelas de HIP/P123 tiveram efeitos fototoxicos eficazes e
seletivos, dependentes do tempo e da dose, nas células de cancer cervical, mas ndo em
HaCaT. Além disso, as micelas de HIP/P123 acumularam-se no reticulo
endoplasmatico, mitocondrias e lisossomos, resultando na morte celular principalmente
por necrose. A HIP/P123 induziu ao estresse oxidativo celular principalmente por meio
do mecanismo da TFD do tipo Il e inibiu a migracdo e invasdo das células tumorais
principalmente por meio da inibicdo da metaloproteinase de membrana do tipo 2
(MMP-2). Em conjunto, os resultados demostraram que o tratamento com a TFD
utilizando a HIP/P123 como FS teve efeito antitumoral seletivo em celulas de céancer
cervical imortalizadas por HPV 16, HPV 18, HPV 16 e 18 juntos e sem HPV, indicando
seu potencial como um candidato promissor para o tratamento do cancer cervical.
Ainda, indicaram um papel potencialmente util das micelas HYP/P123 como uma
plataforma para a entrega de HIP para tratar de forma mais especifica e eficaz o cancer
cervical por meio de TFD, reforcando a necessidade da continuidade dos estudos
especialmente dos testes pré-clinicos in vivo.

Palavras-chave: Terapia fotodinamica. Cancer cervical. Hipericina. Plurénico® P123.



In vitro antitumor activity of hypericin encapsulated with pluronic® P123 in

a model of cervical neoplasia

ABSTRACT
Photodynamic therapy (PDT) is a relatively new therapy applied in several proliferative
diseases, such as tissue tumors. PDT uses a photosensitizing compound (FS) that under
the action of light of a certain wavelength in the presence of molecular oxygen (O2) can
generate singlet oxygen (*O.) and reactive oxygen species (ROS), responsible for cell
damage. This technique has been applied for the treatment of several pathologies,
including cancer, since the treatment options to obtain cytotoxic effects on neoplastic
cells and, therefore, to prevent the disease from advancing, are still limited and have
high rates of failure. In this perspective, several studies presented the activity of TFD in
vitro, in vivo and in humans, using the order of micro to nanomolar concentrations
against several tumor cell lines. Regarding to cervical cancer, the search for new
treatments is important, since it is an important public health problem, being the fourth
most common type of cancer in women worldwide and the third most frequent tumor in
the Brazilian female population, when cases of non-melanoma skin cancer were
excluded. Infection with human papillomavirus (HPV) is associated to the development
of this cancer in 99.7% of cases, as well as pre-neoplastic cervical lesions. The
treatment options to obtain cytotoxic effects in order to prevent the progression of
cervical cancer are still limited and present high rates of therapeutic failure. To explore
new potential therapeutic candidates for cervical cancer, in the present study we
investigated the antitumoral effects of HYP encapsulated on Pluronic® P123
(HYP/P123) PDT in a comprehensive panel of human cervical cancer-derived cell lines,
including HeLa (HPV 18-positive), SiHa (HPV 16-positive), CaSki (HPV 16 and 18-
positive) and C33A (HPV-negative), compared to a nontumorigenic human epithelial
cell line (HaCaT). The effects of PDT with HYP/P123 were investigated regarding: cell
cytotoxicity and phototoxicity, cellular uptake and subcellular distribution; cell death
pathway and cellular oxidative stress; and migration and invasion. Our results showed
that the HYP/P123 micelles presented effective and selective phototoxic effects, in a
dose-time-dependent manner on cervical cancer cells, but not in HaCaT. In addition, the
HYP/P123 micelles accumulated in the endoplasmic reticulum, mitochondria and

lysosomes, resulting in cell death mainly by necrosis. HYP/P123 induced oxidative



stress mainly through the type Il PDT mechanism and inhibited the migration and
invasion of tumor cells mainly through the inhibition of matrix metalloproteinase-2
(MMP-2). Together, the results showed that the treatment with PDT using HYP/P123 as
FS presented a selective antitumor effect on cervical cancer cells immortalized by HPV
16, HPV 18, HPV 16 and 18 together and without HPV, indicating its potential as a
promising candidate for the treatment of cervical cancer. In addition, they indicated a
potentially useful role of HYP/P123 micelles as a platform for HYP delivery to more
specifically and effectively treat cervical cancers through PDT, reinforcing the need for
continuing studies, especially for in vivo preclinical evaluations.

Keywords: Photodynamic therapy. Cervical cancer. Hypericin. Pluronic® P123.
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CAPITULO |
1- INTRODUCAO

1.1 - Terapia fotodinamica: principios e aplicacfes

A terapia fotodindmica (TFD) pode ser definida como uma alternativa e promissora
categoria de tratamento que emprega a combinacdo de luz, oxigénio e um composto
fotossensibilizador (FS) para o tratamento de uma variedade de patologias de carater
oncolégico (1), cardiovascular (2), dermatoldgico (3), oftdlmico (4) e infecgdes bacterianas,
virais, fingicas e parasitarias como a leishmaniose (5). Na TFD, apds a aplicacdo do FS por
via topica ou sistémica, realiza-se a iluminacdo do tecido alvo com luz em comprimento de
onda especifico, que, na presenca de oxigénio, leva a geracdo de espécies citotdxicas e,
consequentemente, a morte celular e destruigdo de tecidos alvo (6).

Os primeiros relatos na literatura (Figura 1) de um “efeito fotodindmico” foram
fornecidos por Raab e VVon Tappeiner (7, 8). Eles demonstraram que certos corantes como a
acridina, um derivado do antraceno, na presenca de luz eram capazes de gerar algum tipo de
efeito fototdxico nos microrganismos, de forma que a exposi¢do a luz solar rapidamente
resultava em morte celular. Em 1948, Figge e colaboradores (9) resumiram uma série de
estudos mostrando que as porfirinas, classificadas como FS de primeira geracdo, quando
fornecidas exogenamente se acumulavam seletivamente em tumores murinos. Este estudo foi
posteriormente estendido para incluir pacientes com cancer, baseando-se na utilizacdo da
injecdo de uma preparagdo bruta de hematoporfirina que conduzia a fluorescéncia seletiva do
tumor (10). O campo da TFD clinica avangou quando um grupo de médicos da Clinica Mayo
nos Estados Unidos relatou que a fluorescéncia do tumor em pacientes foi aumentada quando
um derivado da hematoporfirina foi empregado (11, 12). Apos esses estudos, a abreviatura
'HPD' foi usada para se referir a este derivado da hematoporfirina ndo caracterizado. Estudos
posteriores revelaram que consistia em uma mistura de monémeros, dimeros e oligbmeros da
porfirina (13).

Uma preparagdo semi-purificada da HPD conhecida como Photofrin® foi o primeiro
FS a obter aprovacdo regulatoria para tratamento de varios tipos de cancer em muitos paises
do mundo, incluindo os Estados Unidos (15). Nas Gltimas décadas, a TFD vem se mostrando
eficaz no tratamento dos canceres de bexiga (16), pulméo (17), eso6fago (18), e cabeca e
pescoco (19). Além disso, vem sendo considerada como o tratamento ideal para muitos casos

de cancer de pele do tipo ndo-melanoma (20). Outras indicacdes para a TFD sdo: tratamento
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Figura 1 — Linha do tempo resumindo a evolugéo da TFD (14).
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Diante do atual cenério pandémico, especulagdes sobre a utilizagdo da TFD no
combate ao novo coronavirus também foram relatadas na literatura. Bagnato e colaboradores
(27, 28) sugeriram uma possivel utilizacdo da TFD no tratamento da doenca causada pelo
SARS CoV-2 (COVID-19). Eles argumentam que a TFD pode ser uma ferramenta contra a
COVID-19 e possiveis futuros surtos, mesmo considerando que o TFD ndo é uma "ferramenta
de matanca viral", ou seja, capaz de combater o virus de forma sistémica, mas ela pode ser
aplicada como uma eficiente terapia para diminuir a carga microbiana (viral e bacteriana) no

trato respiratorio.

1.2 — O tratamento do cancer e a terapia fotodinamica

Apesar do progresso na pesquisa basica que propiciou uma melhor compreensdo da
biologia tumoral e levou ao desenho de novas geracGes de medicamentos direcionados as
células tumorais, grandes ensaios clinicos recentes para o tratamento do cancer, com algumas
excecOes notaveis, foram capazes de detectar pequenas melhorias nos resultados do
tratamento (29, 30). Além disso, o nimero de novos medicamentos aprovados clinicamente é
baixo (31). O surgimento de técnicas sofisticadas de gendmica, protebmica e bioinformatica
possibilitaram uma visdo da complexa interacdo de numerosos genes celulares e elementos
genéticos reguladores que sdo responsaveis pela manifestacdo de fendtipos cancerigenos.
Com o uso de tecnologias gendmicas modernas, a enorme complexidade do céncer esta
comegando a ser desvendada (32).

O tratamento do cancer pode envolver uma ou mais técnicas como radioterapia,
cirurgia e terapia sistémica. A radioterapia, com sua natureza minimamente invasiva, pode
tratar o cdncer mesmo quando o tumor estd misturado com tecido normal, permitindo também
flexibilidade no ajuste de regimes de dosagem de acordo com as necessidades da doenga (33,
34). A cirurgia é utilizada no tratamento do estagio inicial doenga. Os pacientes de baixo risco
sdo frequentemente tratados apenas com cirurgia, mas em muitos casos, uma combinagéo de
tratamentos € necessaria. Na doenga metastatica, a terapia sistémica é a principal modalidade
terapéutica, pois a disseminacdo do quimioterapico pela corrente sanguinea facilita 0 acesso
aos locais de disseminacdo das células tumorais. As terapias sistémicas incluem terapia
hormonal, terapia direcionada, terapia imunolégica e quimioterapia (35).

As drogas citotoxicas utilizadas na quimioterapia danificam as células em
proliferacdo, porém a néo seletividade destes agentes citotoxicos é uma grande desvantagem,

e sua capacidade em causar danos em células normais significa que a cura com a
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quimioterapia nem sempre é alcangada. Varias estratégias tém sido adotadas para aumentar o
efeito antitumoral da quimioterapia, isso inclui a combinacdo de drogas com diferentes
mecanismos de acdo, utilizacdo de sistemas de entrega de medicamentos diretamente ao
tumor e superacao dos mecanismos de resisténcia celular (36).

A resisténcia a quimioterapia é uma das principais razdes para falha do tratamento, e
em qualquer tipo de tumor geralmente h4 uma combinacéo de diferentes mecanismos que
contribuem para essa resisténcia. Embora existam estratégias em desenvolvimento para tentar
reverter a resisténcia as drogas quimioterapicas disponiveis, atualmente a Unica escolha para
0s médicos é mudar para um medicamento ou combinacao citotdxica diferente da ja utilizada.
A auséncia de uma alternativa vélida normalmente anuncia a cessacdo da terapia
medicamentosa ativa e uma mudanca para o controle sintomatico da doenca (35).

Neste sentido, a TFD tem o potencial de atender a muitas necessidades médicas ainda
ndo alcancadas. Embora ainda emergente, ja é uma modalidade terapéutica de sucesso e
clinicamente aprovada, utilizada para o tratamento de doencas neoplésicas e ndo neoplésicas
(37). Esta técnica é constituida de 3 componentes essenciais: FS, luz e oxigénio (14, 38).
Juntos eles iniciam uma reacao fotoquimica que culmina na geracdo de espécies reativas de
oxigénio (EROs), incluindo o oxigénio singlete (*O,), o qual pode levar & morte celular por
apoptose ou necrose (37).

Os efeitos antitumorais da TFD derivam de 3 mecanismos inter-relacionados: efeitos
citotoxicos diretos sobre células tumorais, danos a vasculatura tumoral e inducdo de uma
reacao inflamatdria robusta que pode levar ao desenvolvimento de imunidade sistémica. A
contribuicéo relativa desses mecanismos depende em grande parte do tipo e da dose do FS
usado, do tempo entre a administracdo do FS e a exposicao a luz, da dose total de luz e sua
taxa de fluéncia, da concentragdo de oxigénio no tumor e talvez de outras variaveis ainda
pouco conhecidas. Portanto, & determinagédo das condicGes ideais para o uso da TFD requerem

uma coordenacao de esforcos interdisciplinares (37).

1.2.1 - Fotossensibilizadores

Entre as caracteristicas ideais de um FS estdo a capacidade de localizacdo especifica
em tecido neoplésico, o intervalo pequeno entre a administracdo da droga e a seletividade por
alvos tumorais, a meia-vida curta, ter uma farmacocinética que favoreca a eliminacao rapida
nos tecidos sadios, a ativacdo por comprimentos de onda que compreenda a janela terapéutica

e a capacidade de produzir grandes quantidades de EROs (39). Um FS com caracteristica
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fisico-quimica adequada para emprego na TFD deve ainda ser capaz de penetrar na célula
tumoral e se acumular em organelas estratégicas como mitocdndria, reticulo endoplasmatico,
lisossomos e complexo de Golgi. A geracdo de EROs, por parte de um FS fotoativado nessas
organelas (principalmente na mitocondria), pode induzir a morte de células tumorais por
apoptose (40).

Outro pré-requisito importante é que o FS possua um longo tempo de vida no estado
excitado, dando tempo para que ocorra a transferéncia de energia e/ou elétrons do FS para a
geracdo do oxigénio em sua forma citotoxica, o ‘O,. Assim, a geracdo de EROs serad
suficiente para que o tratamento seja efetivo. No entanto, alguns eventos podem prejudicar
essa producdo de EROs, dentre eles destacam-se a formacéo de agregados e a fotodegradacgéo
do FS (41, 42). A formacdo de agregados entre as moléculas do préprio FS pode prejudicar o
processo de geracdo de EROs, uma vez que ocorrerem decaimentos ndo radiativos por
conversdo interna, dificultando a transferéncia de energia do FS para o oxigénio tripleto (*0).
Tais agregados tendem a formar-se a medida que aumenta a concentracdo do FS ou quando o
mesmo, de carater hidrofébico, esta presente num meio aquoso (43).

Em relacdo a sua solubilidade, os FS lipofilicos sdo captados pela célula por
penetrarem diretamente pela membrana plasmatica, e essa captagdo aumenta em proporcao
direta com a lipofilia. J& os FS hidrossoliveis sdo captados por pinocitose (44). Até o
momento, ndo sdo bem esclarecidos os mecanismos pelos quais ocorre retencdo seletiva dos
FS nos tecidos malignos. Algumas hipéteses incluem a permeabilidade alterada da membrana
celular, o aumento do nimero e da permeabilidade dos vasos sanguineos, bem como a
drenagem linfatica diminuida. Além disso, o pH baixo no fluido intersticial nos tumores
facilita a biodistribuicdo seletiva dos FS (45).

1.2.1.1 — Hipericina, um fotossensibilizador promissor para uso na terapia

fotodinamica

A hipericina (4,5,7,4°,5,7’-hexahidroxil-2,2’-dimetilnaftodiantrona) (Figura 2) ¢ um
composto natural, biossintetizado por algumas espéecies do género Hypericum, podendo
também ser sintetizada quimicamente a partir de uma antraquinona precursora, a emodina
antrona (46, 47). A hipericina (HIP) foi primeiramente isolada da espécie Hypericum
perforatum L., comumente conhecida como Erva de Sdo Jodo, que apresenta uma ampla
aplicacdo  farmacologica, sendo utilizada como antidepressivo, antimicrobiano,

anticancerigeno, anti-inflamatdrio, cicatrizante e etc (48).
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Figura 2 - A) Estrutura quimica da Hipericina. B) llustracdo da planta Erva de Séo
Jodo (46).

Com relacdo as suas caracteristicas/propriedades fotofisicas, ela exibe uma brilhante
fluorescéncia vermelha, em sua forma monomérica pode gerar altas taxas de O, e radicais
livres quando fotoativado com luz de comprimento de onda especifico, com baixa toxicidade
na auséncia de luz, acumulando-se preferencialmente em tecidos neopléasicos (46, 49-51). Os
radicais livres e 0 *O, gerados sdo responsaveis por induzir a morte por necrose, apoptose,
morte associada a autofagia e até mesmo morte celular imunogénica. O mecanismo do tipo 1l
é o responsavel pela ativacdo da morte celular imunogénica, sendo a combinacao da TFD com
HIP uma estratégia promissora para a imunoterapia, pois provoca a translocacéo e secrecdo de
padrdes moleculares associados a danos (DAMPS) pelas células tumorais, que sdo capazes de
ativar o sistema imune pela ligacdo a receptores especificos, aumentando a resposta imune
antitumoral (52, 53). O efeito inibitério da HIP frente a enzimas relacionadas a regulacdo da
sobrevivéncia e proliferacdo celular também colaboram para seu efeito antitumoral eficaz
(54). Os mecanismos do tipo | e 1l da TFD serdo discutidos mais a frente no topico 1.2.3.

Contudo, como a maioria dos FS, a HIP apresenta alta hidrofobicidade e forma
agregados em meio aquoso e fluidos corporais (55, 56). As intera¢bes hidrofobicas podem
afetar suas propriedades fotofisicas (reduzindo a geragdo de *O,), alterar suas caracteristicas
quimicas (baixa solubilidade) e suas propriedades biologicas (mecanismo de acao
prejudicado). Portanto, é essencial usar sistemas de entrega (drug delivery systems) para
superar estes problemas (57, 58).

Uma tecnologia que tem sido bastante explorada nos ualtimos anos, baseada na
nanomedicina, que utiliza sistemas carreadores para compostos hidrofébicos como a HIP,
residem na utilizacdo de nanoparticulas formadas por polimeros e sua aplicacdo tem sido
frequentemente estudada como sistemas de entrega para TFD (59, 60).

O copolimero nomeado Plurdnico® P123 tem sido muito utilizado na producdo dessas
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nanoparticulas carreadoras de farmacos. Ele € composto quimicamente pela combinacdo de
Oxido de polietileno (PEO-regido hidrofilica) e 6xido de polipropileno (regido PPO-
hidrofobica) formando um sistema tribloco de PEO e PPO com configuracdo
(EO)21(PO)s7(EQ)21 (59, 61, 62). O procedimento de micelizacdo destes mondmeros
anfifilicos em meio aquoso consiste na montagem do grupo PPO para criar 0 nucleo
hidrofébico das micelas, responsavel por incorporar as drogas hidrofobicas. Além disso, 0s
grupos PEO sdo responsaveis pela estabilizacdo das micelas em meio aquoso, evitando sua
adsorcéo e agregacao (63, 64). Nas concentracOes utilizadas, esses polimeros ndo sdo toxicos,
sendo entdo biocompativeis, estdveis em fluidos biolégicos, ndo sdo capazes de serem
reconhecidos por macréfagos e ndo se ligam a proteinas, tendo uma baixa concentracdo
micelar critica (CMC) e farmacocinética favoravel (64-67).

Recentemente foram publicados estudos importantes sobre as caracteristicas dos
plurdnicos com diferentes FS, incluindo a HIP. Esses estudos mostraram a alta eficiéncia das
micelas de Pluronico® P123 carregadas com HIP para uso em TFD frente a bactérias
intestinais e células de carcinoma do colon (68), células de cancer de mama (69) e frente a
células plancténicas e prevenindo a formacdo de biofilmes formados por diferentes espécies
do género Candida (70).

1.2.2 - Fontes de luz

As fontes de luz disponiveis para TFD pertencem a trés grandes grupos: as lampadas
de amplo espectro, as ldmpadas de diodo e os lasers. As fontes de luz descritas em estudos
clinicos em TFD incluem as lampadas halégenas projetoras de diapositivos, as lampadas de
diodo (LED) e, mais recentemente, a luz intensa pulsada (71). A luz deve ser levada para a
regido alvo do tratamento e para isso uma variedade de procedimentos foi desenvolvida (44).
Fontes de luz podem ser introduzidas de forma confiavel em praticamente todos os sitios da
anatomia humana. Cabos de fibra Optica ou LED podem acessar o leito do tumor por

introducdo direta durante cirurgia ou endoscopia (72).

1.2.3 - Mecanismos de acao da terapia fotodinamica

A TFD tem sido cada vez mais utilizada no tratamento de canceres e seu mecanismo
de acdo ocorre gracas a uma sequéncia de eventos fisicos, quimicos e biologicos (42). De
forma simplificada, um agente FS é introduzido no tecido alvo e entdo ativado pela luz.

Quando na presenga de oxigénio, este FS ativo gera uma reacgdo fotodinamica (Figura 3) e
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ISSO ocorre em uma interacdo complexa de tempo e espaco que resulta na destruicdo do tumor

e preservacgéo do tecido normal (72).

Tissue
oxygen

Free radicals,
singlet oxygen

l

Cellutar
toxicity

Figura 3 — Mecanismo de acéo da TFD (14).

Um dos fatores que determina o resultado da TFD é como o FS interage com as
células dentro do tecido alvo ou tumor. A principal caracteristica dessa interacdo é a
localizagdo subcelular do FS, uma vez que os FS podem se localizar dentro de muitas
organelas celulares diferentes como as mitocondrias, lisossomos, reticulo endoplasmatico,
aparelho de Golgi e membranas plasmaticas (73).

A captacdo do FS pelas células cancerosas é crucial para que a TFD seja eficaz, uma
vez que EROs tem meia-vida curta e s6 podem atuar proximos ao local de geracdo. O tipo de
fotodano que ocorre em células carregadas com um FS e iluminadas depende da localizacdo
subcelular precisa do FS. Assim, compreender a localizacdo do FS é um principio importante
a considerar ao escolher o FS mais eficaz para cada aplicacéo (73).

O tratamento com TFD para canceres consiste em duas etapas. Na primeira, 0 FS
acumula-se preferencialmente nas células tumorais ap6s sua administracdo local ou sistémica.
Na segunda, o tumor fotossensibilizado é exposto a luz de comprimento de onda especifico
que coincide com o espectro de absor¢cdo do FS. Esse agente ativado transfere energia ao
oxigénio molecular, gerando EROs (74). A subsequente oxidacdo dos lipidios, aminoacidos e
proteinas induz a necrose e/ou apoptose. Além disso, as EROs indiretamente estimulam a
transcricdo e liberacdo de mediadores da inflamacdo (44). A oxidacdo dos constituintes
celulares pelas EROs danifica as membranas plasmaticas e as organelas celulares, com
subsequente alteracdo de permeabilidade e fungdo de transporte entre os meios intra e
extracelular (38). Os alvos da TFD incluem as células tumorais, a microvasculatura do tecido
e os sistemas inflamatdrio e imune do hospedeiro (Figura 4). A combinacdo de todos esses

componentes é necessaria para o controle do tumor a longo prazo (75).
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Figura 4 — Mecanismos de a¢do da TFD nos tumores (76).

As reacOes fotobioldgicas restringem-se ao local de acimulo do FS que sdo expostas a
luz visivel (14, 77). A seletividade da TFD € produzida pelo direcionamento preferencial do
FS para o tecido alvo e pela habilidade de se ativar o FS por iluminacédo sitio especifica.
Dessa forma, a TFD permite a destruicdo seletiva dos tumores enquanto mantém intacto o
tecido adjacente normal (78). O processo fotodinamico inicia-se quando o FS, no estado
fundamental, absorve um féton de luz e sofre decaimentos sequenciais que resultam em
reacOes de transferéncia de energia intramolecular, originando o estado tripleto excitado,
capaz de reagir com o oxigénio molecular tecidual (tripleto), ocorrendo transferéncia de
energia intermolecular. O oxigénio molecular absorve energia e origina o oxigénio singlete
(*O,) que é citotoxico (77, 79). As reacdes de fotoxidagdo via 'O, sdo as responsaveis pela
eliminacdo das células cancerosas (80).

Os mecanismos de producdo de EROs durante o processo fotodindmico podem ser do
tipo | e/ou tipo Il (Figura 5). O radical superoxido (O,") é gerado no mecanismo tipo 1, isto é,
pela transferéncia de elétrons do FS, excitado pela luz, para o estado fundamental do oxigénio
(0,) (81). J4 0 'O, é gerado no mecanismo tipo 11, ou seja, pela transferéncia de energia do
FS excitado para o °0,. O O,” pode favorecer o aparecimento de outras espécies, como o
radical hidroxila (HO") e o peroxinitrito (ONOO"). Tais espécies reativas sdo muito mais
agressivas para o tecido tumoral do que o O,". O surgimento dessas espécies, bem como do

'0,, pode induzir a morte das células cancerigenas, principalmente por apoptose (82-85).
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Figura 5 — Mecanismos do tipo I e Il na TFD (14).

1.2.3.1 - Tipos de morte celular

Embora a TFD possa mediar muitos eventos de sinalizacdo celular, seu objetivo
principal € matar as células (Figura 6). Uma pesquisa recente elucidou muitos caminhos pelos
quais as células de mamiferos podem morrer, e algumas das maneiras que a TFD pode iniciar
esses processos. A concentracao, propriedades fisico-quimicas e localizagdo subcelular do FS,
a concentragédo de oxigénio (86-88), o apropriado comprimento de onda, a intensidade da luz,
e o tipo de célula podem influenciar no modo e extenséo da morte celular (89).

Kerr e colaboradores (90) foram os primeiros a fornecer evidéncias de que as células
podem sofrer pelo menos dois tipos distintos de morte celular: o primeiro tipo é conhecido
como necrose, uma forma violenta e rapida de degeneracdo afetando extensas populagdes de
células, caracterizadas por inchaco do citoplasma, destruicdo de organelas e ruptura da
membrana plasmatica, levando a liberacdo de conteudo intracelular e inflamacdo. A necrose
tem sido referida como morte acidental da célula, causada por dano fisico ou quimico e
geralmente é considerada um processo ndo programado. Células necrosadas se caracterizam
por um nucleo picnoético, edema citoplasmatico e progressiva desintegragdo das membranas
citoplasmaticas, sendo que todos esses processos levam a fragmentacdo celular e liberagdo de
material para o0 compartimento extracelular.

Outra via de morte celular é denominada apoptose. Ela é considerada como um
“suicidio celular” a fim de eliminar células indesejaveis ou desnecessarias ao organismo,
mediante a ativa¢do de um programa bioquimico de desmontagem dos componentes celulares,
internamente controlado, que requer energia e ndo envolve inflamacgdo (91). A morte celular
programada n&o é sinbnimo de apoptose, embora a maior parte dos processos de morte celular
programada (MCP) em animais ocorra por apoptose (92), pois a MCP esta relacionada com

uma morte celular de caréater evolutivo, de células que estdo em constante renovacao para a
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manutencdo da homeostase dos organismos (93). No entanto, a apoptose pode ser induzida,
por exemplo, por drogas anticancer. Nesses casos, 0 programa de morte celular é iniciado,
mas sem o tratamento das células, elas ndo morreriam; ou seja, ndo estamos lidando com um
processo de MCP (93). Nessa via, quando as células entram em processo apoptético, elas
apresentam retracdo do citoplasma celular, também sdo identificadas bolhas na membrana
plasmética e podem ser observadas geralmente rodeadas por células vizinhas de aparéncia
saudavel. Suas organelas e a membrana plasmatica retém sua integridade por um longo
periodo. In vitro, as células apoptdticas sdo fragmentadas em varias vesiculas esféricas
envoltas por uma membrana. In vivo, esses corpos apoptéticos sdo eliminados por fagdcitos.
A apoptose requer a ativacdo da transcricdo de genes especificos, incluindo a ativacdo de
endonucleases, consequente degradacdo do DNA em fragmentos oligonucleossémicos e
ativacdo de caspases (89).

A autofagia € um processo catabdlico vital no qual as células degradam seu proprio
conteddo por meio dos lisossomos. Existem vérias formas de autofagia, dependendo dos
substratos que estdo envolvidos e sendo processados e, na formacdo, ou ndo de vesiculas de
membrana dupla (94-96). A autofagia pode ocorrer apos a TFD, sendo associada com maior
sobrevivéncia em niveis baixos de fotodano para algumas células. Ainda, a autofagia pode se
tornar uma via de morte celular se a apoptose € inibida ou quando as células tentam reciclar os
constituintes danificados além de sua capacidade de recuperacdo (97). Devido a alta
reatividade das EROs geradas (98-100) ap6s a TFD, a autofagia € iniciada para remover
organelas danificadas oxidativamente, como mitocdndrias e reticulo endoplasmatico que sédo
alvos dos FS (101-103). Porém, a autofagia parece poder contribuir para a sobrevivéncia
celular, e por outro lado pode também exercer uma funcdo antitumorigénica. Uma
combinacdo de inibidor de autofagia com TFD pode promover morte apoptotica,
potencializando assim o efeito do tratamento (104). Portanto, a autofagia pode proteger
células e ajuda-las a tolerar a TFD, no entanto, se houver um alto nivel de autofagia, pode
ocorrer a morte celular (105).

1.2.3.2 - Danos na vasculariza¢ao do tumor

A viabilidade das células tumorais depende da quantidade de nutrientes fornecidos
pelos vasos sanguineos. Por sua vez, a formacdo e a manutengdo dos vasos sanguineos
dependem de fatores de crescimento produzidos pelo tumor ou por células hospedeiras (106,

107). Assim, atingir a vasculatura do tumor é uma abordagem promissora para o tratamento
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do céncer. Nos ultimos 15 anos, uma série de trabalhos utilizando a TFD relataram um
colapso microvascular (108-111), levando a hipdxia tecidual grave e anodxia (112-114). O
colapso microvascular pode ser prontamente observado apds a TFD (108, 112), levando a
hipdxia tumoral pés-TFD grave e persistente (112). Os mecanismos subjacentes aos efeitos
vasculares da TFD diferem muito quando se utilizam diferentes FS (115). A TFD também
pode levar a constricdo de vasos por meio da inibicdo da producdo ou liberacdo de 6xido

nitrico pelo endotélio (10).
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Figura 6 — Trés principais vias de morte celular, seus perfis morfoldgicos e imunologicos
(37).

1.2.3.3 - Ativacgao da resposta imune

E provavel que o controle do tumor em longo prazo seja uma combinacio de efeitos
diretos da TFD sobre a lesdo e sua vasculatura em combinacdo com a regulacdo do sistema
imunoldgico. Quando a TFD induz a necrose de tumores e de sua vasculatura, uma resposta
em cascata do sistema imunolégico também € iniciada (116). A liberacdo de mediadores
inflamatdrios ocorre a partir da regido tratada, que inclui varias citocinas, fatores de
crescimento e proteinas. Essa liberacdo estimula varios globulos brancos a serem ativados,
incluindo neutréfilos e macrofagos, que convergem para a regido do tratamento. Esta ativacdo
pode ser a responsavel pela ocorréncia da morte significativa de células tumorais por
intermédio destas células imunes (117, 118).

Ap0s a chegada ao local do tumor, os macrofagos fagocitam as células cancerosas que

a TFD danificou e apresentam proteinas tumorais para os linfocitos T CD4 auxiliares, que
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entdo ativam linfécitos T CD8. Essa reacdo imune ocorre ndo apenas no local da TFD, mas
também pode ocorrer no tecido linfatico regional e distante. As células T citotoxicas podem
ndo sO causar morte por necrose, mas também podem induzir apoptose. Clinicamente, 0s
pacientes tratados com TFD apresentam niveis elevados de varias citocinas e avaliacfes
histol6gicas de tumores tratados rotineiramente mostram infiltracdo de células imunoldgicas,

novamente apontando para o efeito imunomodulador da TFD (72).

2 - CANCER CERVICAL

2.1- Epidemiologia mundial e no Brasil

O céancer cervical é uma doenga evitavel e curavel se detectado precocemente e tratado
adequadamente. Ainda assim continua sendo uma das causas mais comuns de morte
relacionada ao cancer em mulheres em todo o mundo. O numero anual de novos casos de
cancer cervical foi projetado para aumentar de 570.000 para 700.000 entre 2018 e 2030 e 0
namero anual de mortes projetado para aumentar de 311.000 para 400.000 mortes (119).
Mundialmente, o cancer cervical € o quarto tipo mais comum de cancer em mulheres,
excetuando-se 0s casos de cancer de pele ndo melanoma. Para o ano de 2018 foram estimados
569.847 novos casos e 311.365 mortes, sendo a quarta causa mais frequente de morte por
cancer em mulheres (120).

No Brasil, o diagndstico precoce tem avancado, de modo que na década de 1990, 70%
dos casos diagnosticados eram da doenca invasiva e atualmente, 44% dos casos sdo de leséo
precursora do cancer (121). Ainda assim, excluindo o cancer de pele ndo melanoma, o cancer
cervical é o terceiro mais incidente na populacdo feminina, com estimativa de 16.710 novos
casos para 0 ano de 2020, representando 7,5% de todos os casos de cancer entre as mulheres
(Figura 7) (122).

Distribuicdo proporcional dos dez tipos de cancer mais incidentes estimados para 2020 por sexo, exceto pele ndo melanoma*

Préstata 65.840 29.2% Mama feminina 66.280 29.7%
Cdlon & Reto 20540 91% Homens Mulheres Cdlon e Reto 20470 9.2%
Traqueia, Branquio e Pulmdo 17.760 7.9% Colo do utero 16710  7.5%
Estémago 13.360  5,9% Tragueia, Brénquio e Pulméo 12.440  5,6%
Cavidade Oral 11.200  5.0% Glandula Tireoide 11.950 5.4%
Eséfago 8690  3,9% Estémago 7870  35%
Bexiga 7.590 3.4% Ovario 6.650 3.0%
Linfoma ndo Hodgkin 6580 29% Corpo do Utero 6540 29%
Laringe 6470  2.9% Linfoma ndo Hodgkin 5450 24%
Leucemias 5920 26% Sistena Nervoso Central 5230 23%

= Numeros arredondados para multiplos de 10
Figura 7 - Distribuicdo proporcional dos dez tipos de cancer mais incidentes estimados
para 2020 por sexo, exceto cancer de pele ndo melanoma no Brasil (122).
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Apesar de avancos na prevencdo, triagem, diagnostico e tratamento nas Ultimas
décadas, as disparidades globais da incidéncia e mortalidade pelo céncer cervical sdo

significativas e sua prevaléncia entre as mulheres ainda continuam preocupantes (123).

2.2 - LesOes precursoras do céncer cervical e sua relagdo com o

Papillomavirus humano

O cancer cervical apresenta histdria natural longa, comecando com uma infecgdo
persistente por um ou mais genoétipos oncongénicos do Papillomavirus humano (HPV),
seguido por alteracdes celulares precursoras, denominadas lesbes intraepiteliais escamosas
cervicais (SIL) e, finalmente, carcinoma invasor, caso as alterages celulares ndo sejam
revertidas ou tratadas (124). A zona de transformacao ou juncdo escamo-colunar € o sitio mais
comum para o desenvolvimento do cancer cervical. Apds a infec¢do das células basais pelo
HPV, a progressdo para o cancer invasivo ocorre predominantemente a partir das SIL de
baixo grau (LSIL) para as de alto grau (HSIL) e destas para cancer cervical invasivo (125). A
maioria das LSIL regridem em periodos relativamente curtos ou ndo progridem a HSIL, sendo
gue em torno de 57% dos casos de LSIL regridem, 11% progridem para HSIL e apenas 1%
progride a neoplasia invasiva em decorréncia principalmente da associacdo entre a infeccao
persistente por genotipos de HPV de alto risco oncogénico (HPV-AR) com fatores ambientais
e genéticos envolvidos na carcinogénese (126). Cabe ressaltar que a lesdo cervical ndo tem
que passar obrigatoriamente por todas essas etapas para chegar ao cancer invasor. O periodo
de evolucdo de uma lesdo cervical inicial para a forma invasiva é de cerca de 10 a 20 anos
(127) (Figura 8) Em virtude desta evolucdo longa composta por fases pré-clinicas, detectaveis
e curaveis, é o cancer que apresenta um dos mais altos potenciais de prevencéo e cura (128).

A infeccdo por HPV é iniciada quando a particula viral penetra nas células basais do
epitélio escamoso (Figura 8), pois este tipo celular é capaz de se dividir ativamente (130). As
proteinas virais fazem com que estas células mantenham o processo de divisdo celular em
resposta ao inicio do processo de diferenciacdo, 0 que € necessario para que a progénie viral
seja produzida. O estabelecimento e a manutencdo dos genomas do HPV nas células
infectadas estdo associados a expressdo dos genes precoces E5, E6 e E7, que codificam suas
respectivas oncoproteinas, assim como das proteinas de replicacdo E1 e E2. Durante a diviséo
celular, as células basais deixam a camada basal, migram para a regido suprabasal e comecam
a se diferenciar. Nesta fase, o genoma viral € dividido entre as células-filhas, que, ao

migrarem para as camadas superiores do epitélio durante o processo de diferenciacéo,
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continuam com o ciclo celular ativo. Nas camadas mais diferenciadas do epitélio, 0 DNA
viral é empacotado em novos capsidios e a progénie do virus é liberada a partir da camada

superior do epitélio (131).
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Figura 8 — Representacdo esquematica da carcinogénese cervical induzida por HPV (129).

O desenvolvimento do cancer cervical estd associado a perda da regulacdo do ciclo
produtivo do HPV, evento observado em infecgbes persistentes pelos HPV-AR, gque tendem a
integrar o seu genoma ao da célula hospedeira (132, 133). Durante o processo de integracédo, o
genoma viral pode perder o gene E4 e parte do gene E2, que exercem funcdo de controle da
transcricdo dos demais genes virais. Como consequéncia da perda de funcéo de E2, haverd um
aumento da expressao dos genes E6 e E7. Assim, o potencial oncogénico dos HPV depende
da expresséo de genes E6/E7, cujos produtos, as proteinas E6 e E7, tém como alvo principal
as proteinas p53 e pRb do genoma do hospedeiro, induzindo descontrole do ciclo celular (134,
135). Neste cenério, ndo havera amadurecimento das células hospedeiras e nem producéo de
novas particulas virais (133, 135, 136). Assim, a capacidade dos HPV-AR de transformacéo
celular é claramente associada & atividade das oncoproteinas E6 e E7, mas essa transformagéo
do epitélio do hospedeiro pode levar décadas (137, 138). Nas LSIL, a maior parte do genoma
viral persiste na forma epissomal, mas nas HSIL estdo frequentemente integrados ao genoma
das células hospedeiras, sendo que a integracdo parece favorecer a transformacdo maligna
(139, 140). Sendo assim, quando infectadas pelo HPV, as células escamosas do epitélio
cervical podem apresentar alterac6es, de modo que seu ciclo celular se desregula, aumentando

0 numero de mitoses e desenvolvendo lesdes epiteliais de diferentes graus (LSIL e HSIL).
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Estas lesdes, em sua maioria regridem ou entdo, menos frequentemente, evoluem para formas
malignas, ou seja, para o cancer cervical (135).

Nas duas ultimas décadas, diversos estudos associaram a infeccdo genital pelo HPV
como principal fator de risco para o desenvolvimento de cancer cervical, sendo este virus
responsavel por 99,7% dos casos (141, 142). A infeccdo genital pelo HPV é a infeccdo
sexualmente transmissivel (IST) de origem viral mais comum no mundo sendo responsavel
por formas clinicas assintomaticas e/ou benignas e ainda, por formas malignas na regido
orofaringea e genital (143). InfeccOes persistentes por gendtipos de HPV-AR séo o principal
fator no desenvolvimento de cancer cervical. Os genétipos de HPV-AR séo 16, 18, 31, 33, 35,
39, 45, 51, 52, 56, 58, 66, 68, 73, 69 e 82, sendo que mundialmente os mais frequentes s&o 0s
gendtipos 16 e 18, prevalecendo em aproximadamente 70% dos canceres cervicais (144-147).

A grande maioria das mulheres infectadas pelo HPV sdo capazes de eliminar
espontaneamente 0 virus e somente uma minoria das infectadas irdo manter o virus com
possibilidade de progressao (137). Os mecanismos de protecdo mais importantes séo os de
supressdo ou eliminacdo do HPV por meio da resposta imune mediada por células de defesa
nos dois primeiros anos de exposicao ao virus (148). A infeccdo persistente por gendtipos de
HPV-AR é considerada como o fator mais importante para o desenvolvimento das lesdes
cervicais e progressdo para o cancer cervical. Porém, considerando as elevadas taxas de
regressdo espontanea, ndo é suficiente para o desenvolvimento do cancer cervical (137).
Alguns cofatores que podem contribuir na carcinogénese cervical tém sido descritos como por
exemplo a elevada carga viral, nimero de gestacdes, uso de contraceptivos orais, tabagismo,

imunossupressao, predisposicao genética e infeccdo conjunta com outras ISTs (148).

2.3- Tratamentos de lesbes precursoras e do cancer cervical invasivo

O tratamento apropriado das lesdes precursoras (HSIL na citologia, neoplasias intraepiteliais
cervicais-NIC graus 2 e 3 na histologia e adenocarcinoma in situ) é meta prioritaria para a
reducdo da incidéncia e mortalidade pelo cancer do colo uterino (149). As diretrizes
brasileiras recomendam, apds confirmacdo colposcopica ou histoldgica, o tratamento
excisional das HSIL, por meio de exérese da zona de transformagdo (EZT) por eletrocirurgia
(150). Quando a colposcopia é satisfatdria, com achado anormal compativel com a citologia,
restrito a ectocérvice ou até o primeiro centimetro do canal endocervical, o procedimento
deve ser realizado ambulatorialmente, permitindo o tratamento imediato das lesdes (151). O

objetivo desta estratégia € facilitar o acesso das mulheres ao tratamento, diminuindo a
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ansiedade, as possibilidades de perdas no seguimento e os custos da assisténcia (152). No
caso de colposcopia insatisfatoria, ou quando a lesdo ultrapassa o primeiro centimetro do
canal, o tratamento indicado é a conizacdo, realizada preferencialmente por técnica
eletrocirurgica (149).

Entre os tratamentos mais comuns para 0 cancer cervical invasivo estdo a cirurgia € a
radioterapia. O tipo de tratamento dependera de fatores como estadiamento da doenca, 0
tamanho do tumor e fatores pessoais, como idade e desejo de ter filhos (153). Para os estagios
iniciais do cancer cervical invasivo, pode-se usar a cirurgia ou radioterapia combinada com
quimioterapia. Para os estagios posteriores, a radiacdo combinada com quimioterapia
geralmente é o tratamento principal. A quimioterapia (por si s6) costuma ser usada para tratar
o0 cancer cervical avancado (154).

Porém, as opc¢0es de tratamento com efeitos citotdxicos para evitar o avanco do cancer
cervical ainda sdo limitadas. A quimioterapia pode funcionar como um adjuvante, quando
empregada logo ap6s o tratamento primario do tumor por cirurgia ou radioterapia. Pode ser
também um neoadjuvante, quando realizada antes do tratamento local, com o objetivo de
reduzir o tamanho tumoral e propiciar condi¢Ges adequadas para o tratamento cirurgico e/ou
radioterapico subsequente. Ainda, existe a quimio-radioterapia concomitante, que é a
administrada simultaneamente com a radioterapia para potencializar o efeito do tratamento,
que pode aumentar a sobrevida da paciente. Porém, os efeitos colaterais tendem a ser piores
(155).

Os quimioterapicos mais usados para tratamento do cancer cervical incluem cisplatina,
carboplatina, paclitaxel, topotecano e gemcitabina. A cisplatina é o agente citotoxico mais
efetivo contra o céncer cervical metastatico, além disso, aumenta a sensibilidade a
radioterapia (156). Os efeitos colaterais da quimioterapia dependem do tipo da droga, da dose
administrada e do tempo de duracdo do tratamento. Estes efeitos sdo temporarios e podem
incluir especialmente nauseas e vomitos, perda de apetite, feridas na boca, perda de cabelo,
inflamacGes na boca, infeccdo, hemorragia ou hematomas ap6s pequenos cortes ou lesdes e
falta de ar (155).

Nos ultimos anos, a taxa de sobrevivéncia por 5 anos para 0s pacientes com cancer
cervical melhorou significativamente devido a aplicacdo de quimioradioterapia concomitante.
No entanto, a recorréncia local e metastases ainda sdo manifestacGes pos-tratamento comuns
em pacientes com cancer cervical avancado. Uma vez que ocorre falha no pos-tratamento, o
prognostico torna-se pior: as taxas de sobrevivéncia de 1 ano para essas pacientes séo

menores que 20% (157). Além disso, varios efeitos colaterais sdo produzidos influenciando a
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qualidade de vida da paciente (158). Apesar destes fatos alarmantes, ainda faltam métodos de
tratamento eficazes.

As caracteristicas de alta seletividade pelos tecidos tumorais, o risco reduzido de
eventos adversos em comparagdo com métodos convencionais (cirurgia, radiacdo ou
quimioterapia) e baixo risco de complicacdes graves podem tornar a TFD uma alternativa
eficaz na abordagem para o tratamento do cancer cervical invasivo, neoplasias intraepiteliais

cervicais e infeccOes cervicais por HPV, particularmente em mulheres jovens (159, 160).

2.4 - A TFD no tratamento de lesdes cervicais

No Brasil, as NIC podem ser tratadas de forma ndo invasiva por meio da TFD
utilizando um protocolo clinico inovador derivado de uma pesquisa que teve inicio em 2011,
sob a coordenagéo do Prof. Dr. Vanderlei Bagnato, do Grupo de Optica do Instituto de Fisica
de Séo Carlos (IFSC/USP) (161). O protocolo utiliza um creme que contém uma substancia
chamada aminolevulinato de metila que é precursora de outra molécula, a protoporfirina X
(PpIX). Essa substancia, apds ser excitada por um LED vermelho presente em um sistema
portatil e versatil produz EROs, eliminando as lesGes em apenas 20 minutos de forma nédo
invasiva, preservando o colo do Utero das pacientes (162).

Em um relato de caso, Castro e colaboradores (163) descrevem o tratamento de uma
paciente de 33 anos de idade com NIC grau 3 com o FS aminolevulinato de metila por via
topica e TFD. Para isso foram aplicados 2,5 g de um creme contendo 0 aminolevulinato de
metila a 20% (p/p) durante a noite. Apds esse periodo, o colo do Utero foi iluminado duas
vezes, com trés semanas de intervalo, usando uma sonda com LEDs. A NIC 3 e 0 HPV-AR
foram eliminados ap6s 120 dias do segundo procedimento e ndo houve recorréncia em 6
meses de acompanhamento, o que foi caracterizado com cura.

Stringasci e colaboradores (164) trataram uma paciente com condilomatose utilizando
a TFD e o aminolevulinato de metila em creme a 20% (p/p) como FS. A paciente foi tratada
por 6 semanas, com um total de seis sessdes, com sete dias de intervalo entre cada sesséo.
Apds o tratamento, o tecido apresentou auséncia clinica de lesdo e auséncia aparente de
cicatriz, com bom resultado estético e preservando a sensibilidade da regido. No
acompanhamento da paciente por onze meses nao foi verificado recorréncia das lesdes.
Condiloma ou verrugas genitais afetam os tecidos da area genital devido a infec¢Bes induzidas
pelo HPV. Existem algumas terapias tdpicas indicadas para o tratamento dessas lesfes, mas

todas apresentam uma alta taxa de recorréncia. A TFD esta se mostrando uma estratégia
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interessante para o tratamento dessas lesGes, sendo capaz também de tratar células infectadas

pelo virus em lesdes subclinicas.
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JUSTIFICATIVA

A infeccdo genital por HPV é a infeccdo sexualmente transmissivel viral mais
frequente em todo o mundo e estd diretamente relacionada ao desenvolvimento do cancer
cervical, que atualmente permanece com grande incidéncia mundial e constitui-se de um
importante problema de salde publica, causando significativa morbidade e mortalidade
feminina. No Brasil, o cancer cervical é a terceira causa mais comum de cancer na populacao
feminina, sendo a quarta causa de morte por cancer em mulheres. A infecgdo cervical
persistente por HPV-AR ¢ uma causa necessaria para induzir a carcinogénese cervical. As
opcOes de tratamento para obter efeitos citotoxicos em células neoplasicas e evitar, portanto, o
avanco do cancer de cervical ainda sdo limitados e apresentam elevadas taxas de insucesso.
Assim, ainda existe a necessidade de buscar novos tratamentos para esse tipo de cancer. Nesta
perspectiva, diversos estudos ja demonstraram a atividade da HIP apds a fotoativacao,
provocando danos celulares em concentragdes muito pequenas sobre diversas linhagens de
células tumorais. Porém, até onde conhecemos, ndo existem estudos que avaliem a atividade
antitumoral in vitro da HIP encapsulada com plurénico® P123 (HIP/P123) em linhagens
celulares de cancer cervical. Considerando que poucos estudos tem abordado e explorado este
tema, propomos a realizacdo de ensaios in vitro para determinar a atividade e o mecanismo de

acdo da TFD utilizando como FS a HIP/P123 em modelo de neoplasia cervical.



30

OBJETIVOS
Objetivo Geral

Avaliar a atividade antitumoral in vitro e o mecanismo de acdo da HIP/P123 frente a
um painel abrangente de linhagens celulares de cancer cervical incluindo HeLa (HPV 18-
positivo), SiHa (HPV 16-positivo), CaSki (HPV 16 e 18-positivo), e C33A (HPV-negativa),

comparando com a linhagem celular epitelial humana nédo tumorigénica (HaCaT).

Obijetivos especificos

- Avaliar as taxas de morte celular decorrentes da exposicdo das cinco linhagens
celulares a TFD com HIP/P123;

- ldentificar as alteracbes morfoldgicas celulares ap6s o tratamento com TFD
utilizando HIP/P123;

- Avaliar a citotoxicidade a longo prazo da TFD com HIP/P123 nas linhagens
celulares de cancer cervical atraves do ensaio clonogénico;

- Verificar a internalizacdo da HIP/P123 nas cinco linhagens por microscopia de
fluorescéncia;

- Verificar a internalizacdo da HIP/P123 nas cinco linhagens por citometria de fluxo;

- Verificar a localizacdo subcelular da HIP/P123 nas linhagens celulares de cancer
cervical por microscopia de fluorescéncia;

- ldentificar as vias de morte celular induzidas pela exposicdo das células de cancer
cervical tratadas com TFD com HIP/P123 por citometria de fluxo;

- Analisar a via de morte celular por necrose utilizando o ensaio da enzima lactato
desidrogenase;

- Avaliar a fragmentacdo do DNA apos o tratamento das cinco linhagens celulares
com TFD com HIP/P123;

- Observar a producdo de EROs nas cinco linhagens por microscopia de fluorescéncia
apos o tratamento das linhagens celulares com TFD com HIP/P123;

- Determinar a producdo de EROs nas cinco linhagens por fluorimetria apds o
tratamento das cinco linhagens celulares com TFD com HIP/P123;

- Determinar a peroxidagdo lipidica nas cinco linhagens por fluorimetria apds o
tratamento com TFD com HIP/P123;
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- Determinar os mecanismos do tipo | e Il da TFD nas linhagens de cancer cervical
apos o tratamento com TFD com HIP/P123;

- Avaliar o efeito da TFD com HIP/P123 na migracdo e invasdao das células
neoplasicas cervicais pelo ensaio da ferida e utilizando os insertos com matrigel
respectivamente;

- Determinar por ELISA os niveis de metaloproteinases de membrana do tipo 2 e 9
(MMP-2 e MMP-9) e do fator de crescimento endotelial vascular (VEGF);

-Determinar o potencial da TFD com HIP/P123 para o tratamento de diferentes tipos

de cancer cervical.
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ARTICLE INFO ABSTRACT

Keywords: At present, cervical cancer is the fourth leading cause of cancer among women worldwide with no effective
Photodynamic therapy treatment options. In this study we aimed to evaluate the efficacy of hypericin (HYP) encapsulated on Pluronic®
Ce""i“‘al. cancer P123 (HYP/P123) photodynamic therapy (PDT) in a comprehensive panel of human cervical cancer-derived cell
;ﬁ:&“;lza lines, including HeLa (HPV 18-positive), SiHa (HPV 16-positive), CaSki (HPV 16 and 18-positive), and C33A

(HPV-negative), compared to a nontumorigenic human epithelial cell line (HaCaT). Were investigated: (i) cell
cytotoxicity and phototoxicity, cellular uptake and subcellular distribution; (ii) cell death pathway and cellular
oxidative stress; (iii) migration and invasion. Our results showed that HYP/P123 micelles had effective and
selective time- and dose-dependent phototoxic effects on cervical cancer cells but not in HaCaT. Moreover, HYP/
P123 micelles accumulated in endoplasmic reticulum, mitochondria and lysosomes, resulting in photodynamic
cell death mainly by necrosis. HYP/P123 induced cellular oxidative stress mainly via type I mechanism of PDT
and inhibited cancer cell migration and invasion mainly via MMP-2 inhibition. Taken together, our results
indicate a potentially useful role of HYP/P123 micelles as a platform for HYP delivery to more specifically and
effectively treat cervical cancers through PDT, suggesting they are worthy for in vivo preclinical evaluations.

1. Introduction

At present, cervical cancer is the fourth leading cause of cancer
among women worldwide, despite the existence of highly effective
prevention and screening methods [1,2]. Persistent high-risk human
papillomavirus (HR-HPV) infection is the central factor in the devel-
opment of cervical cancer, and HPV 16 and HPV 18 account for ap-
proximately 70% of all cases of this cancer [1-4]. Chemoradiotherapy is
a standard treatment option for patients with unresectable and locally

advanced cervical cancer [5]. The 5-year survival rate of advanced
cervical cancer has significantly improved due to the application of
concurrent chemoradiotherapy in recent years. However, local recur-
rence and distant metastasis are still common post treatment manifes-
tations in patients with advanced cervical cancer. Once post treatment
failure occurs, prognosis becomes worse: the 1-year survival rates of
patients with such failures are < 20% [6]. Moreover, various side ef-
fects are produced influencing patient's life quality [7]. Despite these
alarming facts, efficient treatment methods are still lacking.

Abbreviations: ANOVA, analysis of variance; CMC, critical micellar concentration; DAPI, diamidino-2-phenylindole dihydrochloride; DM, p-mannitol; DMEM,
Dulbecco’s modified Eagle medium; DMSO, dimethy! sulfoxide; DPPP, diphenyl-1-pyrenilphosphine; DPPP-O, diphenyl-1-pyrenylphosphine oxide; ELISA, enzyme-
linked immunosorbent assay; ER, endoplasmic reticulum; FBS, fetal bovine serum; FITC, fluorescein isothiocyanate; H,DCFDA, 2’,7"-dichlorodihydrofluorescein
diacetate; H,0,, hydrogen peroxide; HR-HPV, high-risk human papillomavirus; HYP, hypericin; HYP/DMSO, HYP dissolved in DMSO; HYP/P123, hypericin en-
capsulated on Pluronic® P123; IC, inhibitory concentrations; ICD, immunogenic cell death; LED, light-emitting diode; MMP-2, matrix metalloproteinase-2; MMP-9,
matrix metalloproteinase-9; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NUPESF, Research Nucleus in Photodynamic System; PBS, phos-
phate-buffered saline; PDT, photodynamic therapy; PEO, polyethylene oxide; PI, propidium iodine; PPO, polypropylene oxide; PS, photosensitizers; RFU, arbitrary
units; ROS, reactive oxygen species; SA, sodium azide; SD, standard deviation; VEGF, vascular endothelial growth factor
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Since the first use of hematoporphyrin derivative together with red
light irradiation to kill tumor cells in 1975, photodynamic therapy
(PDT) has attracted extensive attention as a prospective strategy for
cancer treatment [8]. The main elements of PDT are a photoactive drug,
light in an appropriate wavelength, and molecular oxygen [9,10]. Light
in an appropriate wavelength excites the photosensitizers (PS) to its
triplet state interacting with the oxygen present in the tissue producing
reactive oxygen species (ROS) by type I or type II mechanism. This
interaction results in the production of free radicals [11] or singlet
oxygen (*0,) [12], respectively. Since the discovery of PDT, continuous
efforts have been made to identify new ideal PS.

Some of these PS can be found in nature, such as hypericin (HYP), a
phenanthroperylenquinone isolated mainly from plants of the genus
Hypericum perforatum [13-15] which can be also chemically synthe-
sized. This compound under light illumination (absorption peaks at 545
and 590 nm) [16] leads to antiproliferative and cytotoxic effects re-
sulting in cell death by necrosis and/or apoptosis in different cancer cell
lines. These properties, together with minimal toxicity in the absence of
light, selectivity for some tumors, and a high clearance rate from the
human organism together with antiproliferative and cytotoxic effects,
shows that HYP is a promising PS for PDT of cancer [17-21]. However,
as with most PS, HYP presents high hydrophobicity and form ag-
gregates in aqueous media and body fluids [22,23]. The hydrophobic
interactions can affect their photophysical (reducing 0, generation),
chemical (reduced solubility), and biological effects. It is thus essential
to use delivery systems to overcome this shortcoming related to these
PS [24,25]. One innovative nanomedicine-based technology for the
delivery of hydrophobic compounds such as HYP reside in polymeric
nanoparticles, which have been frequently studied as delivery systems
for PDT [26,27]. Pluronic® copolymer P123 consist of triblock mole-
cules of polyethylene oxide (PEO-hydrophilic region) and poly-
propylene oxide (PPO-hydrophobic region) with configuration (EO)x
(PO)y(EO)x [26,28,29]. The micellization procedure of these amphi-
philic monomers in aqueous media consists in the assembly of PPO
groups to create the hydrophobic core of micelles, responsible for in-
corporating the hydrophobic drugs. Also, PEO groups are responsible
for the stabilization of micelles in aqueous media, avoiding their ad-
sorption and aggregation [30,31]. Furthermore, they are non-toxic and
biocompatible, are stable in biological fluids because they are barely
recognized by macrophages and do not bind to proteins, have a low
critical micellar concentration (CMC) and favorable pharmacokinetics
[31-34]. Consistent with these properties, our group has recently
published important studies about the characteristics of the complexes
of Pluronics with different PS, including HYP. Our most recent studies
showed high efficiency of HYP-loaded Pluronic® P123 micelles for use
in PDT against intestinal bacteria and colon carcinoma cells [35], and
breast cancer cells [36].

Although HYP is a promising PS for PDT of cancer, little information
is available regarding the effects of HYP-mediated PDT against cervical
cancer, and the available data were mostly obtained in the HeLa cell
line [37-47]. HelLa cells were derived from a case of adenocarcinoma of
the uterine cervix in 1952 and contain integrated HPV 18 [48]. No-
tably, previous studies did not assessed the inhibitory activity of HYP in
cell lines containing HPV 16 as SiHa and CasKi, which is the most
prevalent genotype and the main causative agent of squamous cell
cervical cancer (approximately 50% of total) [1,4,49]. Additionally, the
antiproliferative activity of HYP has not been evaluated in cell lines
derived from squamous cervical cancer cells (SiHa, CasKi and C33A),
which is the most common type of cervical cancer worldwide
(75%-85% of total) [50,51].

To continue our studies and to explore the capacity of HYP/P123 as
anew therapeutic candidate for cervical cancer, in the present study we
investigated the antitumoral effects of HYP encapsulated on Pluronic®
P123 (HYP/P123) PDT in a comprehensive panel of human cervical
cancer-derived cell lines, including HeLa (HPV 18-positive), SiHa (HPV
16-positive), CaSki (HPV 16 and 18-positive), and C33A (HPV-
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negative), compared to a nontumorigenic human epithelial cell line
(HaCaT). The objectives of this study were to investigate effects of
HYP/P123 on HeLa, SiHa, CaSki, C33A, and HaCaT cells with respect to
(i) cell cytotoxicity and phototoxicity, cellular uptake and subcellular
distribution; (ii) cell death pathway and cellular oxidative stress; and
(iii) migration and invasion. Our results demonstrated that HYP/P123
has a selective phototoxic effect: it induced necrosis in all cervical
cancer cell lines, but not in HaCaT cells. Additionally, HYP/P123 PDT
induced cellular oxidative stress mainly via type Il mechanism of PDT
and inhibited cancer cell migration and invasion mainly via MMP-2
inhibition. These results show that HYP/P123 PDT had a strong and
selective antitumoral effect on cervical cancer cells immortalized by
HPV 16, HPV 18, HPV 16 and 18 together, and whithout HPV, in-
dicating its potential to be a powerful candidate in developing ther-
apeutic agents for all cervical cancer types.

2. Materials and methods
2.1. Materials

HYP/P123 was supplied by the Research Nucleus in Photodynamic
System (NUPESF), Chemistry Department, State University of Maringd/
PR/Brazil. Pluronic® P123, dulbecco's modified Eagle medium
(DMEM), amphotericin B, crystal violet solution, dimethyl sulfoxide
(DMSO), diphenyl-1-pyrenilphosphine (DPPP) and sodium azide (SA)
were purchased from Sigma Aldrich (St. Louis, MO, USA). Fetal bovine
serum (FBS), penicillin/streptomycin, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), MitoTracker®, LysoTracker®, ER-
tracker®, NucBlue® Live ReadyProbes® Reagent, annexin-V/fluorescein
isothiocyanate (FITC), propidium iodine (PI), Pierce lactate dehy-
drogenase (LDH) Cytotoxicity Assay Kit, agarose, 2’,7’-di-
chlorodihydrofluorescein diacetate (H,DCFDA), Matrix
Metalloproteinase-2 (MMP-2) enzyme-linked immunosorbent assay
(ELISA) kit, Matrix Metalloproteinase-9 (MMP-9) ELISA kit, vascular
endothelial growth factor (VEGF) ELISA kit were purchased from
Invitrogen (Waltham, MA, USA). Methanol, formaldehyde and hy-
drogen peroxide (H0,) were purchased from Synth (Diadema, SP,
Brazil). DNA QIAamp DNA mini kit was purchased from Qiagen
(Hilden, NRW, Germany). p-mannitol (DM) was purchased from JP
Pharmaceutical Industry S.A. (Ribeirdo Preto, SP, Brazil). Matrigel was
purchased from Corning (New York, NY, USA).

2.2. Synthesis and characterization of HYP

Formulations containing HYP (1,3,4,6,8,13-hexahidroxi-10,11-di-
metilfenantro[1,10,9,8-opqra]perileno-7,14-diona, C3oH;605, 98%
purity) in nanostructures of Pluronic® P123 were kindly supplied by the
NUPESF, Chemistry Department, State University of Maringd/PR/
Brazil. HYP was synthesized and characterized by the NUPESF in ac-
cordance to the methodology described in a previous study [52-54].

2.3. Preparation of HYP-loaded Pluronic P123 micelles

Formulations containing HYP in nanostructures of Pluronic® P123
(PEO4(-PPOg5-PEO2, MW = 5750 gmol']) were prepared following
the solid dispersion method [55]. The resulting formulation was lyo-
philized and hydrated before use to a concentration of 100 pmol/L
HYP/88 pmol/L P123. Preparation and quality control of HYP/P123
formulation were previously determined by our research group and
have been published in Montanha et al. [35], Damke et al. [36] and
Sakita et al. [56].

2.4. Light source

A light-source device with 66 light-emitting diode (LED) units
emitting white light at 6.3 J/cm? in a wavelength range from 450 to
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750 nm was built to illuminate tissue culture plates containing the cells.
The LED device covered the entire area of the tissue culture plates.

2.5. Cell lines and growth conditions

The human cell lines derived from invasive cervical cancer, HeLa
(integrated HPV 18), SiHa (1 to 2 copies of HPV 16 integrated per cell)
and CaSki (approximately 600 copies of HPV 16 integrated per cell, as
well as sequences of HPV 18), and the spontaneously immortalized
human epithelial cell line HaCaT (non-tumorigenic cells) were kindly
donated by Dr. Luisa L. Villa, School of Medicine, University of Sao
Paulo/SP/Brazil and Dr. Silvya S. Maria-Engler, Faculty of
Pharmaceutical Sciences, University of Sao Paulo/SP/Brazil. The
human cell line C33A (HPV negative) derived from invasive cervical
cancer was purchased from the American Type Culture Collection
(Rockville, MD, USA). The cell lines were maintained in a culture flask
in DMEM supplemented with 10% FBS, 100 U/mL penicillin and
100 pg/mL streptomycin and 2.5 pg/mL amphotericin B solution at
37 °C in a humidified atmosphere with 5% CO,.

2.6. Cytotoxicity and phototoxicity

Cell viability was determined by MTT assay [57]. The cell lines were
seeded in 96-well tissue culture plates at a density of approximately
2.5 X 10° cells/mL. The cells were allowed to attach overnight at 37 °C
in a humidified atmosphere with 5% CO,. After 24 h the cells were
treated with HYP/P123 at different concentrations (0.4, 0.6, 0.8, 1.0,
1.2, 1.4, 1.6, 1.8, 2.0 and 2.2 pymol/L of HYP) for 30 min in the absence
of light to evaluate cytoxicity.

To evaluate the phototoxicity, after incubation with the same con-
centrations of HYP/P123 for 30 min in the absence of light, the cells
were exposed to a light source for 15 min. Then, they were incubated in
the absence of light for 30 min. Cells treated with DMEM (NT) or P123
alone (1.94 pmol/L) were used as controls in all assays. After the
treatment, the culture medium was removed, and the cells were washed
with 100 pL of phosphate-buffered saline (PBS) and 50 L of MTT so-
lution (2 mg/mL) was added to each well, and the plates were in-
cubated in the dark at 37 °C in a humidified atmosphere with 5% CO,
for 4 h. At the end of incubation, the resulting formazan was dissolved
in 150 pL of DMSO and the absorbance was measured at 570 nm using a
microplate reader (Loccus, Cotia, SP, Brazil).

The inhibitory concentrations (IC), IC3o (concentration that in-
hibited cell growth by 30% compared to NT), ICs, (concentration that
inhibited cell growth by 50% compared to NT) and ICq, (concentration
that inhibited cell growth by 90% compared to NT) values were ob-
tained by nonlinear regression analysis of the data using GraphPad
Prism 6.0 (GraphPad Software, San Diego, USA).

Additionally, the cells were seeded in a 24-well tissue culture plates
at a density of 1.5 x 10° cells/mL. The cells were allowed to attach
overnight at 37 °C in a humidified atmosphere with 5% CO,. After 24 h,
the cells were treated with 0.4, 1.4 and 2.2 ymol/L of HYP for 30 min in
the absence of light, illuminated for 15 min and then incubated in the
absence of light for 30 min. The cells treated only with DMEM were
used as NT. The growth and morphology of the cells were observed
immediately after treatment with an inverted microscope (EVOS® FL,
Life Technologies, USA).

2.7. Clonogenic cell survival assay

Hela, SiHa, CaSKi and C33A cell lines were seeded in a 6-well tissue
culture plates at a density of 600 cells/well. The cells were allowed to
attach overnight at 37 °C in a humidified atmosphere with 5% CO..
After 24 h, they were exposed to IC3o and ICs, values of HYP/P123 for
30 min in the absence of light, illuminated for 15 min, and then in-
cubated in the absence of light for 30 min. Then, the cells were in-
cubated in ideal conditions for 7 or 14 days (the medium was changed
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after 7 days for cells that were exposed for 14 days). The cells treated
only with DMEM were used as NT. The colonies formed were stained by
crystal violet solution after fixation with methanol and counted
manually [58].

2.8. Cellular uptake by fluorescent microscopy

The cell lines were seeded in a 24-well tissue culture plate at a
density of 1.5 x 10 cells/mL. The cells were allowed to attach over-
night at 37 °C in a humidified atmosphere with 5% CO. After 24 h, the
cells were treated with 1 pmol/L HYP/P123 and 1 pmol/L HYP dis-
solved in DMSO (0.024%) (HYP/DMSO), incubated at 37 °C in a hu-
midified atmosphere with 5% CO, for 30 min in the dark. To display
fluorescence emitted by HYP inside the cell, an inverted fluorescence
microscope with an RFP (red) filter (EVOS® FL, Life Technologies, USA)
was used.

2.9. Cellular uptake by flow cytometry

Additionally, HYP/P123 uptake was analyzed by flow cytometry.
Briefly, the cell lines were seeded in a 6-well tissue culture plate at a
density of 2.5 x 10° cells/mL. The cells were allowed to attach over-
night at 37 °C in a humidified atmosphere with 5% CO,. After 24 h, the
cells were treated with 1 pmol/L HYP/P123 and 1 pmol/L HYP/DMSO,
incubated at 37 °C in a humidified atmosphere with 5% CO, for 30 min
in the dark. After this time, the cells were removed by trypsinization,
centrifuged at 1000 rpm for 7 min, resuspended and washed with PBS
followed by centrifugation at 1000 rpm for 7 min. After the washing
and centrifugation step, the pellet was resuspended in 200 pL of PBS
and then the cells were analyzed on flow cytometer (BD FACS Calibur®,
San Jose, CA, USA). The cells treated only with DMEM were used as NT
[59].

2.10. Subcellular distribution

The cell lines were seeded in a 24-well tissue culture plate at a
density of 1.5 x 10° cells/mL. They were allowed to attach overnight at
37 °C in a humidified atmosphere with 5% CO,. After 24 h, the cells
were incubated for 1 h with subcellular organelle probes specific for
mitochondria (MitoTracker® excitation: 490 nm and emission: 516 nm),
lysosomes (LysoTracker® excitation: 504 nm and emission: 511 nm),
endoplasmic reticulum (ER-tracker® excitation: 504 nm and emission:
511 nm) and nucleus (NucBlue® Live ReadyProbes® excitation: 360 nm
and emission: 460 nm) and for 30 min with HYP/P123 (5 pmol/L). To
display the fluorescence emitted by HYP/P123 and the stained cell
organelles, an inverted fluorescence microscope with DAPI (blue), RFP
(red) and GFP (green) filters (EVOS® FL, Life Technologies, USA) was
used.

2.11. Andlysis of cell death pathways by flow cytometry

Hela, SiHa, CaSki and C33A were seeded in 6-well tissue culture
plates at a density of 2.5 X 10° cells/mL. The cells were allowed to
attach overnight at 37 °C in a humidified atmosphere with 5% CO,.
After 24 h, they were exposed to ICs, value of HYP/P123 for 30 min in
the absence of light, illuminated for 15 min, and then incubated in the
absence of light for 30 min. The cells treated only with DMEM were
used as NT. After the treatment, the cells were trypsinized, centrifuged,
washed and resuspended in annexin-binding buffer. After this, annexin-
V/FITC and PI protocol were performed according to manufacturer's
instructions.

2.12. Andlysis of cell death by necrosis with lactate dehydrogenase (LDH)
assay

The cells were seeded in 96-well tissue culture plates at a density of
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2.5 x 10°cells/mL. They were allowed to attach overnight at 37 °C in a
humidified atmosphere with 5% CO,. After 24 h, the cells were exposed
to ICso value of HYP/P123 for 30 min in the absence of light, illumi-
nated for 15 min, and then incubated in the absence of light for 30 min.
The cells treated only with DMEM were used as NT. After the treatment,
the supernatant was collected and analyzed using a Pierce LDH
Cytotoxicity Assay Kit, a colorimetric method, according to manufac-
turer's instructions. The absorbance was measured at 490 nm and
680 nm using a microplate reader (Loccus, Cotia, SP, Brazil).

2.13. DNA fragmentation

The cells were seeded in 6-well tissue culture plates at a density of
1.5 X 10° cells/mL. The cells were allowed to attach overnight at 37 °C
in a humidified atmosphere with 5% CO,. After 24 h, they were exposed
to ICsq value of HYP/P123 for 30 min in the absence of light, illumi-
nated for 15 min, and then incubated in the absence of light for 30 min.
The cells treated only with DMEM were used as NT. After all treat-
ments, the cells were collected and DNA was extracted using a DNA
QIAamp DNA mini kit. The extracted DNA was subjected to electro-
phoretic analysis in a 1.2% agarose gel to identify the DNA fragmen-
tation [60].

2.14. Detection of total ROS by fluorescent microscopy

Total ROS production was first measured based on an increase in
fluorescence caused by the conversion of a non-fluorescent dye
H,DCFDA (emission 515 nm, excitation 492 nm) to highly fluorescent
2/,7"-dichlorofluorescein (DCF) [60]. The cells were seeded in 24-well
tissue culture plates at a density of 1.5 x 10° cells/mL. The cells were
allowed to attach overnight at 37 °C in a humidified atmosphere with
5% CO». After 24 h, they were exposed to 0.4 pmol/L of HYP/P123 for
30 min in the absence of light, illuminated for 15 min, and then in-
cubated in the absence of light for 30 min. After this, the cells were
washed with PBS, fixed with 4% formaldehyde solution for 15 min,
washed again with PBS and treated with 20 uM H,DCFDA solution for
15 min in room temperature protected from light. After the incubation
time the cells were washed with PBS and then observed and imaged
using an inverted fluorescence microscope (EVOS® FL, Life Technolo-
gies, USA).

2.15. Detection of total ROS by fluorimetric assay

The cells were seeded in 24-well tissue culture plates at a density of
2.5 x 10° cells/mL. The cells were allowed to attach overnight at 37 °C
in a humidified atmosphere with 5% CO,. After 24 h, they were exposed
to ICsq value of HYP/P123 for 30 min in the absence of light, illumi-
nated for 15 min, and then incubated in the absence of light for 30 min.
After the treatment, the cells were incubated with 10 upM H,DCFDA, a
permeable probe, in the dark for 30 min. Afterwards, the cells were
trypsinized and resuspended in PBS. A solution containing 200 uM
H,0, was used as a positive control (PC).The cells treated only with
DMEM were used as NT. Fluorescence intensity was analyzed at an
excitation wavelength of 488 nm and an emission wavelength of
530 nm with a fluorescence microplate reader (Victor X3, PerkinElmer,
Finland). Arbitrary units (RFU) were based directly on fluorescence
intensity, and the fluorescence was normalized to the number of cells
[61].

2.16. Lipid peroxidation (LPO) assay

The cells were seeded in 24-well tissue culture plates at a density of
2.5 x 10° cells/mL. The cells were allowed to attach overnight at 37 °C
in a humidified atmosphere with 5% CO,. After 24 h, they were exposed
to ICsq value of HYP/P123 for 30 min in the absence of light, illumi-
nated for 15 min, and then incubated in the absence of light for 30 min.
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After the treatment, the cells were incubated with 5uM DPPP for 15min
in the dark at room temperature. Afterwards, the cells were trypsinized
and resuspended in PBS. H,0, (200uM) was used as a PC. The cells
treated only with DMEM were used as NT. Fluorescence was de-
termined at an excitation wavelength of 355nm and an emission wa-
velength of 460nm with a fluorescence microplate reader (Victor X3,
PerkinElmer, Finland). RFU were based directly on fluorescence in-
tensity, and the fluorescence was normalized to the number of cells
[61].

2.17. Evaluation of type I and type Il mechanism of PDT

In order to visualize the photochemical mechanism of HYP/P123
PDT, sodium azide (SA) and p-mannitol (DM) specific scavengers of 102
and hydroxyl radicals respectively, were used to prevent the ROS for-
mation [62,63]. The experiment was divided into three treatment
groups: group 1 - IC3q value of HYP/P123; group 2 - IC3 value of HYP/
P123 and 20 mmol/L SA solution; and group 3 - IC3, value of HYP/
P123 and 40 mmol/L DM solution. The cells were seeded in 96-well
tissue culture plates at a density of 2.5 x 10° cells/mL. The cells were
allowed to attach overnight at 37 °C in a humidified atmosphere with
5% CO,. After 24 h, they were exposed to the treatments described in
groups 1, 2 and 3 for 30 min in the absence of light, illuminated for
15 min, and then incubated in the absence of light for 30 min. After the
treatment, a MTT assay was performed to determine cell viability [63].

2.18. Wound-healing migration assay

Wound-healing assay was performed as previously described [64].
Hela, SiHa, CaSki and C33A cells were seeded in 6-well tissue culture
plates at a density of 2.5 x 10 cells/mL. The cells were allowed to
attach overnight at 37 °C in a humidified atmosphere with 5% CO.
After 24 h, confluent monolayers of the cells were then mechanically
scratched with a blue pipet tip (1000 L), and cell debris was removed
by washing with PBS. Then, the wounded monolayer was incubated
with IC3, and ICs, values of HYP/P123 for 30 min in the absence of
light, illuminated for 15 min, and then incubated in the absence of light
for 30 min. The cells treated only with DMEM were used as NT. The cell
migration into the scratched region was recorded using an inverted
microscope (EVOS FL Cell Imaging System, Life Technologies, CA, USA)
at 0, 24, 48, and 72 h. Wound closure after 24, 48, and 72 h was
compared to the initial measurements.

2.19. Invasion assay

Transwell invasion chambers containing polycarbonate filters (8
um, Costar Corp., Cambridge, MA) were coated on the upper surface
with matrigel. HeLa, SiHa, CaSki and C33A cell lines (5 x 10* cells/
mL) were suspended in serum-free DMEM and ICs; and ICs, values of
HYP/P123 were added to the upper chamber. The lower chambers
contained DMEM supplemented with 10% FBS. The cells not treated
with HYP/P123 were used as a NT. All cells were incubated for 24 h at
37 °C in a humidified atmosphere with 5% CO,. The cells on the upper
surface of the filter were completely removed by wiping them with a
cotton swab. The cells that had invaded through the matrigel and
reached the lower surface of the filter were fixed in methanol, stained
with a crystal violet solution, and counted under a light microscope at
20 x magnification. The mean number of cells in 10 fields was calcu-
lated, and the assay was performed in triplicate [65].

2.20. Enzyme-linked immunosorbent (ELISA) assay for MMP-2 and MMP-
9

The levels of MMP-2 and MMP-9 after the treatment were quantified
using an ELISA kit (Invitrogen, MA, USA). HeLa, SiHa, CaSki and C33A
cells were seeded in 24-well tissue culture plates at a density of
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2.5 x 10° cells/mL. The cells were allowed to attach overnight at 37 °C
in a humidified atmosphere with 5% CO,. After 24 h, the cells were
exposed to ICsq value of HYP/P123 for 30 min in the absence of light,
illuminated for 15 min, and then incubated in the absence of light for
30 min. After the treatment, supernatants were collected, centrifuged
and analyzed according to the manufacturer’s instructions. The cells
treated only with DMEM were used as NT. The absorbance was mea-
sured at 450 nm using a microplate reader (Loccus, Cotia, SP, Brazil).

2.21. ELISA assay for human vascular endothelial growth factor (VEGF)

The levels of VEGF after the treatment were quantified using an
ELISA kit (Invitrogen, MA, USA). HeLa, SiHa, CaSki and C33A cells
were seeded in 24-well tissue culture plates at a density of 2.5 x 10°
cells/mL. The cells were allowed to attach overnight at 37 °C in a hu-
midified atmosphere with 5% CO,. After 24 h, they were exposed to
ICs value of HYP/P123 for 30 min in the absence of light, illuminated
for 15 min, and then incubated in the absence of light for 30 min. After
the treatment, supernatants were collected, centrifuged and analyzed
according to the manufacturer's instructions. The cells treated only with
DMEM were used as NT. The absorbance was measured at 450 nm using
a microplate reader (Loccus, Cotia, SP, Brazil).

2.22. Statistical analysis

Significant differences among means were calculated using analysis
of variance (ANOVA) followed by Tukey-Kramer multiple comparisons
test, except for viability experiments, where Student's t-distribution was
used for data analyses. At least three independent experiments were
performed to express the means * standard deviation (SD). GraphPad
Prism 6.0 software (GraphPad, San Diego, CA, USA) was used to ana-
lyze the data. P values < 0.05 were considered statistically significant.

3. Results and discussion

3.1. HYP/P123-mediated PDT inhibits cervical cancer cells proliferation
but not inhibits HaCaT cells

To study the effects of HYP/P123 PDT on tumor cells as well as on
normal cells, we exposed four cervical cancer cell lines, HeLa (in-
tegrated HPV 18), SiHa (integrated HPV 16), CaSki (integrated HPV 16
and HPV 18), and C33A (without HPV), as well as a human im-
mortalized keratinocyte (HaCaT) cell line (control cells), to increasing
doses of HYP/P123 in the absence of light (Fig. 1A) or under light il-
lumination (Fig. 1B), which were evaluated through MTT assay. When
the cytotoxicity of HYP/P123 was evaluated in the absence of light
(Fig. 1A), there was no decreasing in cell viability in all cell lines
evaluated. Also, the solution containing only P123 copolymer did not
showed any cytotoxic effect to the cells in the presence and absence of
light. The same occurred on all the cell lines exposed to the light
without the presence of HYP/P123 (NT) indicating that the illumina-
tion itself does not cause cytotoxic effects to the tested cells (Fig. 1B).
Damage caused by HYP/P123 in the presence of light (Fig. 1B) showed
selective action in cancer cells from the lowest concentration tested
(0.40 pmol/L; P < 0.05), as it was not able to significantly reduce
HaCaT cell viability at the tested concentrations. Taken together, these
data indicate that HYP/P123 PDT exerted concentration-dependent
cytotoxic effects on all cervical cancer cell lines tested, with an ICs, of
1.06 pmol/L for HeLa, 0.8 pmol/L for SiHa, 1.48 umol/L for CaSki, and
0.35 pmol/L for C33A cells. For the HaCaT cells, the IC30, ICso and ICgg
values were > 2.2 pmol/L. The IC5, ICs5, and ICqy, values are shown in
Fig. 1C. These data highlight the selective effect of HYP/P123 micelles
on cancer cells, similar to other in vitro [66-70] and in vivo [71] stu-
dies, which reported its low intrinsic toxicity and differential effects in
normal versus cancer cells. Additionally, our data are in agreement with
our previous study in which HYP/P123 micelles PDT showed the
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selective effect on breast cancer cells but not on normal breast cells
[36]. Finally, it is well known that functions of the HPV oncogenes E6
and E7 are crucial for HPV-induced cervical carcinogenesis and for the
support of the viral life cycle, in which they are able to combine with
tumor suppressor p53 and retinoblastoma (Rb) respectively and act
cooperatively to facilitate cell immortalization, genomic instability and
malignant conversion [2,4]. Considering that HYP/P123 PDT exerted
concentration-dependent cytotoxic effects on cancer cells immortalized
by HPV 16, HPV 18, HPV 16 and 18 together, and whithout HPV, this
treatment does not seem to downregulate the expression of HPV E6/E7
oncogenes, but this evidence still need to be more studied.

The cell growth inhibition induced by HYP/P123 PDT was further
verified by microscopy. The results presented in Fig. 1D show that the
growth of HeLa, SiHa, CaSki, and C33A cells was effectively inhibited
after exposure to concentrations of 0.4, 1.4 e 2.2 ymol/L HYP/P123 in
the presence of light. Whereas HaCaT cell growth was unaffected. HYP/
P123 PDT also induced pronounced morphological changes when the
cervical cancer cell lines were exposed to 0.4-2.2 pmol/L HYP/P123
concentrations after illumination. The cells exhibited retraction of cy-
toplasmic expansion and detachment from the plate due to cell death.
Morphological changes were not observed in HaCaT cells exposed to
the same concentrations of HYP/P123 on the same length of time after
illumination.

To further examine the ability of a cell to proliferate indefinitely,
thereby retaining the reproductive ability to form a large colony or a
clone after HYP/P123 PDT, a clonogenic cell survival assay was per-
formed [58,72]. For this purpose, we exposed all cervical cancer cell
lines to subtoxic doses of HYP/P123 (IC3, and ICsp). It was observed a
significant reduction in a dose-time-dependent manner in colonies
formation of all cervical cancer cell lines after illumination for 7 and
14 days incubation with IC3q and ICs, compared to NT (P < 0.05). Also,
there was a decrease in the number and size of the colonies cir-
cumference after incubation for 7 and 14 days (Fig. 2). These results
indicated that HYP/P123 exposure to the light exerted long-term dose-
dependent phototoxic effects on cervical cancer cells, which reflects the
decrease in long-term cell proliferation.

Overall, these results show that HYP/P123 micelles decreased
colony formation at HYP subtoxic doses and had a selective dose- and
time-dependent cytotoxic effect on cervical cancer cells, highlighting
their potential for PDT of cervical cancer.

3.2. HYP/P123 was actively and selectively internalized by all tumor cell
lines

The presence of intracellular HYP was first observed through the
emitted fluorescence in the RFV (red) filter, as seen in Fig. 3A and B. It
was possible to observe that the intensity of the emitted fluorescence by
HYP on all cancer cell lines treated with HYP/P123 micelles was higher.
The same was not observed in HaCaT. In addition, fluorescence was
observed mainly in the cytoplasm of tumor cells (Fig. 3B). When the
cells were treated with HYP/DMSO, it was not possible to verify red
fluorescence inside the cells even in the tumor cells and HaCat
(Fig. 3A). Next, the internalization of HYP/P123 was analyzed using
flow cytometry. The fluorescence intensity presented by the tumor cells
treated with HYP/P123 was higher than that presented when the cells
were incubated with HYP/DMSO (Fig. 3C). On the other hand, the
fluorescence profile presented by the HaCaT was very different from
that presented by the tumor cells. More specifically, it is possible to
observe in the Fig. 3C that HaCaT cells incubated with DMEM or treated
with HYP/DMSO presented very similar fluorescence intensity. How-
ever, an increase in the fluorescence was observed when these cells
were treated with HYP/P123, but this fluorescence intensity was si-
milar to the intensity presented by the tumor cells when incubated with
HYP/DMSO. Taken together, these data demonstrate that the HYP/
P123 exhibit a higher capacity to permeate the cytoplasmic membrane
and to internalize preferably in the cytoplasm of all cervical cancer

46



G.M.ZF. Damke, et al. Life Sciences 255 (2020) 117858
A B
1004 s o +—o—g—g—8—n o s+ * HeLa 1004 S T Hela
= ‘ -+ SiHa = -+ SiHa
< 80 v Caski S 80 -+ CaSki
£ . 3 £ ) + C3
3 + HaCaT  § ~+ HaCaT
> 40 > 40
°© °
O 20- O 20-
c T T T T : ) T T T T T T T e T T T T T T T T 5 T T T
Ki\qﬂ%-" Qg’ 09\9 \'} \-°‘ \g’ \?’ m-“ ‘b'} ‘X/\Q& ?Qg’ @\9 \'} \?' \?’ \?’ ‘VQ 'b'}
HYP/P123 (umollL) HYP/P123 (umollL)
D 0.4 M 1.4M
C hi
[
Cancer ICy ICs ICq T

celllines (umol'L) (umol'L) (numolL)
CaSki 0.89 148 2.66
HeLa 0.64 1.06 1.91
SiHa 048 0.80 1.44
(337 0.21 0.35 0.64

SiHa

CasSki

IC: inhibitory concentration.

HaCaT C33A

Fig. 1. Cytotoxic and phototoxic effects of HYP/P123 on cervical cancer cell lines (HeLa, SiHa, CaSki, and C33A) and on a human keratinocyte cell line (HaCaT). (A)
Dose-response curves indicating the viability of the cervical cancer cell lines and the HaCaT cells (control cells) not changed following exposure to HYP/P123
(0.4-2.2 pmol/L) in the absence of light compared to non-treated (NT) cells. (B) Dose-response curves indicating the viability of the cervical cancer cell lines and the
HacCaT cells following exposure to HYP/P123 (0.4-2.2 ymol/L) in the presence of light. A statistically significant difference in cell viability was observed between the
Hela, SiHa, CasSki, and C33A cells. (*) represent statistically significant (P < 0.05) differences between the treated and NT cancer cell lines. Each line represents the
mean * SD of three independent experiments conducted in triplicate. (C) Approximate ICs, ICso and ICq values determined according to the cell viability (MTT
assay) obtained in B. For the HaCaT cells, the IC3y, ICs and ICoo values were > 2.2 pmol/L. (D) Differential effects on cell morphology induced by HYP/P123 in the
presence of light. Cell photomicrographs were taken at 20 x magnification. Note that the HaCaT cells do not show morphological changes.

cells, proving their selective activity toward cancer cells. Thus, the tumor cell lines presented high fluorescence intensity after HYP/P123
entry of HYP into the cervical cancer cells was facilitated by the P123, exposure which coincides with the fluorescence of the ER, mitochon-
which was previously described to act as a delivery method to facilitate dria, and lysosomes. These data are in agreement with other studies
transport across the cytoplasmic membranes or the target binding site that revealed that HYP accumulates in the membranes of the ER, the
[24]. The exact mechanisms of cellular uptake of HYP are still unclear Golgi apparatus, lysosomes and mitochondria [14,19,78,79]. Ad-
and require further investigation [73]. Whether the cellular uptake of  ditionally, all tumor cell lines presented a weak or absent fluorescence
HYP relies mainly on passive processes like temperature-dependent  of HYP that coincides with the fluorescence of the nucleus, which is also
diffusion and solubility [74,75] or through membrane transport in agreement with other studies [19].

pathway (such as endocytosis or pinocytosis) [76] is still unsettled [77]. The cellular uptake and subcellular localization of HYP might be
The association between transport behavior of HYP and determinants of ~  affected by its lipophilicity, incubation concentrations and/or interac-
its subcellular localization therefore require further investigation. tion with serum lipoproteins [14,59,80]. In relation to lipophilicity, the

subcellular location of the PS is directly related to its chemical nature.
3.3. HYP/P123 leads to HYP distribution in the endoplasmic reticulum, Hydrophobic and hydrophilic PS with > 2 negative charges in their
mitochondria, and lysosomes in all tumor cell lines molecules differs in their ability to diffuse through the plasma mem-

brane and relocate into intracellular membranes. Hydrophobic PS ex-

The subcellular localization of HYP after incubation with HYP/P123  hibit these abilities whereas hydrophilic PS due to being too polar are
micelles was analyzed through specific organelle probes for mi-  captured by endocytosis [81]. Considering these concepts, our results
tochondria (MitoTracker®), lysosomes (LysoTracker®), endoplasmic indicate that the problem of HYP hydrophobicity [22,23] was overcome
reticulum (ER-tracker®), and nucleus (NucBlue®), using fluorescence with the Pluronic® P123 encapsulation. Pluronic® P123 plays a key role
imaging. The overlap of the images shows a change of the color in the ~in the encapsulation capacity of the PS but also in its delivery, facil-
region in which HYP is located in the organelles. As seen in Fig. 4, all itating passive transcellular diffusion across the biomembrane

47



48

.u.._mumzﬁwum P219pISUOD SeM G0°0 > d "SABP 1 10 £ 10 LN Im (9501 pue %691) sdnoi8 (oo pajean Surredwiod uaym wu:«um::mﬁ 1B21ISTIRIS SHIBW (4 ) () PUL "SUIL [[22 () VEED PUB (D) BISED (d) BHIS (V) ®ToH Ul sAep v1
pue £ Aq uoneurioy Auojod pasnpal 1dd €ZTd/dAH 03 2amsodxa ey a1es1pur sojoyq "21ed1din ur padnpuod sjuswradxa juapuadapul 9211 JO S F SON[BA UBSW ) SB UMOYS 21k BIB( "S2UI] [[92 J9DUED [BIIATD UT 2Insodxa
JO sown 3UISLaIdUT [IIM PaYSIUTWIp A19A0221 2y Jey) sajedipul ydeid oyl "WHINA YIIM 21m[nd Aq paMo[[o] SABP T Pue £ Je S2Ul] [[20 I2dUed [BDIAID Jo AJiuadouod 2yl uo amsodxs [dd €ZTd/dAH JO 199)J° 2yl T "31q

- 8 ~ R
£ - gl

Life Sciences 255 (2020) 117858

G.M.Z.F. Damke, et al.

SAVA vl

SAvVA v

SAVA L

R R ] IN 25 ]]
r0
. vON -
ee o s I - o = I
- =) Qo o o
ro¥ O 0¥ O L0F O Loy o
w. e 3 E 3
o - B - =
Loy @ Loy @ Loy L8
2 8 2 2
-08 e
004

SAVA ¥1 SAVA ¥l
2] w9 IN ol
r0
e oz o
” g g s g
i s E 3 3
-t - oo & Los @ e Log &
8 s z 8
F08 08 roe -08
L 0oL L00L ~004 00}
eHIS g RIPH. N



G.M.ZF. Damke, et al.

Life Sciences 255 (2020) 117858

DMEM
HYP/DMSO

Fig. 3. Cellular uptake of HYP/123 in HeLa, CaSki, SiHa and C33A tumor cells and in HaCaT cell line (control cells) determined by fluorescence microscopy and by
flow cytometry. (A) Cellular uptake of cell lines treated with HYP/DMSO determined by fluorescence microscopy with RFV (red) filter (20 x magnification). It was
not possible to verify red fluorescence inside the cells even in the tumor cells and HaCaT. (B) Cellular uptake of cell lines treated with HYP/123 determined by
fluorescence microscopy with RFV (red) filter (20 x magnification). All tumor cell lines showed high fluorescence intensity but in HaCaT no fluorescence was
observed. (C) HYP/123 cellular uptake of cell lines determined by flow cytometry. Data are shown as the mean values of three independent experiments conducted in
triplicate. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

microenvironment via lipophilic domains [82-84]. Other advantages
have been described in addition to stabilizing, protecting, and im-
proving the biodistribution of the encapsulated drug [29]. Our data
showing the subcellular localization of HYP after incubation with HYP/
P123 micelles in HeLa, SiHa. CaSki and C33A cell lines reinforce the
advantages of Pluronic® P123 for encapsulation of HYP as an option for
future studies in the treatment of cervical cancer.

The occurrence of necrosis or apoptosis following HYP PDT depends
on HYP subcellular location [77]. Generally, photoactive compounds
localizing in the mitochondria or the ER promote apoptosis, within a
certain threshold of oxidative stress, while PDT with photosensitizers
targeting either the plasma membrane or lysosomes, can either delay or
block the apoptotic program predisposing the cells to necrosis [85].
Therefore, considering that HYP was sub-localized in the ER, mi-
tochondria and lysosomes, we evaluated the type of cell death pathway
involved in cells treated with HYP/P123 PDT.

3.4. HYP/P123-mediated PDT induces predominantly necrotic death in
cervical cancer cells

Upon light-activation, HYP is efficient primarily in the generation of

singlet oxygen ('0,; type Il mechanism) and superoxide anion (0%
type 1 mechanism) [86,87], which can ultimately lead to necrosis
[40,88,89], apoptosis [78,89], autophagy-associated cell death [90,91]
or even to immunogenic cell death (ICD) [92]. As described above,
HYP/P123 PDT induces a significant decrease in all cervical cancer cell
lines viability and was sublocalized in the ER, mitochondria and lyso-
somes. To determine the type and extent of cell lines death, we first
analyzed whether HYP/P123 PDT could induce apoptosis and/or ne-
crosis in cervical cancer cells via an Annexin V-FITC/PI assay using flow
cytometry. Annexin-V/FITC conjugate and PI were used for assessing
the percentage of viable, early apoptotic, late apoptotic/necrotic and
necrotic cells. It is based on the principle that normal cells are hydro-
phobic in nature as they express phosphatidyl serine in the inner
membrane (side facing the cytoplasm) and when the cells undergo
apoptosis, the inner membrane flips to become the outer membrane,
thus exposing phosphatidyl serine. The exposed phosphatidyl serine is
detected by Annexin V, and PI stains the necrotic cells, which have
leaky DNA content that help to differentiate the apoptotic and necrotic
cells [93].

Fig. 5 shows the distribution of cell populations after the cell lines
exposure to ICsy value of HYP/P123 with illumination. Cells treated
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Fig. 5. Death pathway analysis via an Annexin V-FITC/PI assay using flow cytometry on cervical cancer cell lines HeLa (A), SiHa (B), Caski (C) and C33A (D) exposed
to ICs, value of HYP/P123 PDT. Cells treated only with DMEM were used as NT. Dot plot shows intensity of Annexin V-FITC fluorescence on the X-axis and PI
fluorescence on the Y-axis. The graph indicates the percentage of live cells in comparison to apoptotic (Annexin V +), late apoptotic (Annexin V+/PI+) and necrotic

cells (PI+); each bar represents the mean *

SD of three independent experiments conducted in triplicate. One-way ANOVA with a multiple comparison test

(Tukey-Kramer multiple comparisons test) was used for data analysis to identify potentially causal associations between variables. The (*) (****) marks statistical
significance when comparing treated cells with NT. P < 0.05 was considered significant.

only with DMEM were used as NT. A dot-plot of annexin-V-FITC versus
PI showed four separate clusters: viable cells (lower left quadrant),
early apoptotic cells (upper left quadrant), late apoptotic cells (upper
right quadrant), and necrotic cells (lower right quadrant). As can be
seen in Fig. 5A-D, the main death pathway after HYP/P123 PDT in all
cancer cell lines was necrosis but apoptosis was also detected in some
cancer cell lines. More specifically, HeLa and C33A showed significant
association with the cluster characteristic of necrotic cells (Fig. 5A and
D, respectively). SiHa and CaSki were associated with necrotic cells and
also with late apoptotic cells (Fig. 5B and C respectively). Additionally,
SiHa presented a week association with early apoptosis (Fig. 5B).

The HYP subcellular distribution in the lysosomes observed by us is
compatible with the death pathway by necrosis since it has already
been determined that the activation of photosensitizers on lysosomes
may disrupt the lysosomal membrane and result in the release of ly-
sosomal proteases that may lead to necrosis [94]. On the other hand,
the subcellular distribution of HYP in the ER and mitochondria ob-
served in the cervical cancer cell lines suggests a death pathway due to
apoptosis. Early apoptotic cells were significantly detected only on SiHa
cells. This can be explained, at least in part, by the following evidence.
Depending on the strength of the photodynamic process (e.g., light dose
and dye concentration) HYP may inflict severe damage to the
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mitochondria leading to a bioenergetic collapse which favors necrotic
cell death, or diminish their defenses against cell death pathways,
perturbing mitochondrial membrane integrity [95]. Still, it is well
known that necrosis is the major cell death morphology induced by PDT
with compounds localized in the plasma membrane [96-98]. This is
likely due to a rapid loss of plasma membrane integrity, incapability to
maintain ion fluxes across the plasma membrane and fast depletion of
intracellular ATP, following photosensitization [99,100]. However, in
certain PDT paradigms, necrosis and not secondary necrosis consequent
to apoptotic cell death, appears to be the preferential mode of cell death
also for photosensitizers originally found in the plasma membrane or
subsequently relocalized to other subcellular compartments. This sug-
gests that signaling pathways that orchestrate necrosis rather than
apoptosis may exist. Although a biochemical pathway mediating ne-
crosis following PDT has not been identified yet, certain factors, such as
Ca®* overload, the origin and type of generated ROS, may be decisive
to promote a necrotic cell death pathway [101].

Furthermore, our results are consistent with other studies, as fol-
lows. Studies with murine and human tumor cell lines presented a shift
from apoptotic to necrotic cell death pathway produced by the increase
of HYP concentration and/or the increase of light exposure [102-104].
Necrosis was described by Mikes et al. [40] as a predominant death
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Fig. 5. (continued)

pathway in the human colon adenocarcinoma HT-79 cell line after
treatment with HYP alone. Lavie et al. [105] showed changes in the
apoptotic pathway for necrosis when they treated promyelocytic leu-
kemia HL-60 cells by increasing the extracellular concentration of HYP.

Considering the results described above that showed death mainly
by necrosis in all cancer cell lines, we evaluated the cell death by ne-
crosis pathway by other assays. Although there are many assays for the
detection of apoptosis, relatively few assays are available for measuring
specifically necrosis. A key signature for necrotic cells is the permea-
bilization of plasma membrane. This event can be quantified in tissue
culture settings by measuring the release of the enzyme LDH [106].
LDH is a stable cytoplasmic enzyme that is found in almost all cells and
is released into extracellular space and in cell culture supernatant when
the plasma membrane is damaged [107]. Therefore, we further eval-
uated the necrosis death pathway by the LDH assay. As shown in
Fig. 6A, higher levels of LDH were quantified in all cervical cancer cell
lines medium than in the NT (HeLa, SiHa, and CaSki, P = 0.001; C33A,
P = 0.0012) but not in HaCaT cells (P > 0.9999) after HYP/P123 PDT
(ICsp)-

Next, we evaluated the effect of HYP/P123 exposure in the presence
of light by DNA fragmentation that is a classic signal of apoptotic cells.
DNA fragmentation was not observed after HYP/P123 PDT (Fig. 6B).
These results contribute to reinforce the results obtained in the analysis
of the cell death pathway, in which necrosis was the predominant cell
death pathway. The results also showed that although was detected
early apoptosis in SiHa by flow cytometry, this was not the main death
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pathway in these cells. Similar to other cell lines, SiHa also did not
presented DNA fragmentation, showing that death by early apoptosis
was not a significant death pathway. Still, the absence of DNA frag-
mentation in all cervical cancer cell lines is also in accordance with the
results of HYP subcellular distribution, in which HYP fluorescence on
the nucleus was weak/absent. These results may be due, at least in part,
to the weak HYP-DNA interaction, which leads to a very low probability
of HYP genotoxicity [108-111].

3.5. HYP/P123-mediated PDT induces oxidative stress in cervical cancer
cell lines but not in HaCaT

We began studying the mechanistic action of HYP/P123-mediated
PDT by examining the production of total ROS. To accomplish this, ROS
production was measured based on an increase in the fluorescence. This
was caused by the conversion of a nonfluorescent dye H,DCFDA to
highly fluorescent DCF [60] after HYP/P123-mediated PDT exposure to
0.4 pmol/L of HYP/P123 in the cervical cancer cell lines and HaCaT
cells with illumination. Fig. 7A shows the bright field images and their
corresponding fluorescence images of the cells treated with HYP/P123
PDT, that confirm the successful delivery of HYP/P123 and production
of intracellular total ROS via PDT. The cervical cancer cells presented
intense fluorescence in their cytoplasm while the HaCaT, a non-tumor
cell line, did not.

Next, we assessed the production of total ROS by fluorimetric assay
(Fig. 7C). Our results showed that HYP/P123 PDT significantly
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Fig. 5. (continued)

increased total ROS production in all cervical cancer cell lines com-
pared with NT (P < 0.0001 for HeLa, SiHa, CaSki and C33A). This in-
crease in total ROS production was similar to that induced by the PC
cells treated only with H,O,. Moreover, total ROS production was not
changed in the HaCaT cells after exposure to HYP/P123-mediated PDT
(P > 0.9999); rather, the HaCaT cells maintained ROS levels similar to
the NT.

Following, we evaluated the effect of HYP/P123 PDT on LPO that
can be used as an indicator of cellular oxidative stress. LPO can be
defined as a cascade of biochemical events resulting from the action of
free radicals on the unsaturated lipids of cell membranes. This process
primarily generates alkyl, peroxyl, and alkoxyl radicals, leading to the
destruction of unsaturated lipid structure, the failure of mechanisms
that exchange metabolites, and the induction of cell death [112]. The
extent of lipid peroxidation was determined based on the amount of
DPPP, which is essentially non-fluorescent until it is oxidized to a
phosphine oxide (DPPP-0) by peroxides [113]. Our results showed that
HYP/P123 PDT significantly increased LPO in all cervical cancer cell
lines compared with the NT (P < 0.0001 for HeLa, SiHa, CaSki, and
C33A). LPO was not changed in HaCaT cells after exposure to HYP/
P123 PDT (P = 0.9999) (Fig. 7B). The high total ROS production and
increased LPO in all cervical cancer cells but not in HaCaT reinforce the
selective action of HYP/P123 PDT on cervical cancer cells.

Finally, considering that total ROS formation in PDT can occur
through two mechanisms known as type I and type II, we evaluated
these mechanisms. In type I mechanism occurs the formation of su-
peroxide, hydroxyl radicals, among others. Already in type II
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mechanism occurs the formation of closely reactive specie, known as
10, that plays an important role in PDT [62,63]. In order to visualize
the photochemical mechanism of HYP/P123 PDT, SA and DM specific
scavengers of 0, and hydroxyl radicals respectively, were used to
prevent the ROS formation and to establish the type of PDT. After
adding SA and DM during the treatment, ROS originated from PDT
would be quenched, resulting in lower PDT action and subsequently
increasing cell viability [63]. As shown in the Fig. 7D, the cell viability
of the two groups tested with SA or DM was higher than those treated
only with HYP/P123 IC3, values. Although cell viability was increased
in both groups treated with scavengers, it was possible to note a slightly
higher increase in the group treated with SA, suggesting that the for-
mation of 0, was higher than the other ROS. These data show that the
type Il mechanism of PDT is predominant in the cervical cancer cells
treated with HYP/P123 PDT. It has previously been determined that
both mechanisms can occur simultaneously and the ratio between them
depends on the PS and the nature of the substrate molecules [114-117].
However, direct and indirect evidence supports a prevalent role for ‘0,
in the molecular processes initiated by PDT [118] as detected by us.
Additionally, it has been suggested that the type II mechanism is the
one to play a major role in the biological photoactivity of HYP [74,86]
which is also in line with our results.

Taken together, our data reinforce again the selectivity of PDT ac-
tion using the HYP/P123 increasing cellular oxidative stress in all
cervical cancer cell lines but not in normal cells mainly via type II
mechanism of PDT.
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Fig. 5. (continued)

3.6. HYP/P123-mediated PDT inhibits cervical cancer cells migration and
invasion

To further examine the effect of HYP/P123 PDT on cervical cancer
cells migration, a wound-healing assay was performed. As shown in
Fig. 8A-D, HYP/P123 (IC3 and ICsy) effectively inhibited cells' basal
migratory ability in Hela, SiHa, CaSki and C33A at all times tested
(P < 0.0001 at 24 h, 48 h, and 72 h for all cells lines) after PDT. Total
wound closure was only observed in NT cells within 72 h for SiHa and
CaSki, and within 48 h for HeLa and C33A, highlighting the effect of the
HYP/P123 in preventing the migration of tumor cells, possibly by de-
creasing their ability to form metastases.

We next evaluated the effect of HYP/P123 PDT on cervical cancer
cells migration and invasion abilities by the number of cells that mi-
grated through a reconstituted matrigel layer to the bottom surface of a
porous membrane in a transwell chamber assay. As shown in Fig. 8E,
both concentrations of HYP/P123 (IC3, and ICs, of each cancer cell
line) reduced the number of cells in the bottom surface of the transwell
chamber, indicating a decrease in the invasiveness of all four cancer cell
lines. There was a further significant reduction in cell invasion observed
at the IC30 and ICs, of HYP/P123 in HeLa (P = 0.0018 and P = 0.0008,
respectively), SiHa (P = 0.0021 and P = 0.0005, respectively), CaSki
(P = 0.0025 and P = 0.0012, respectively), and C33A (P = 0.0015 and
P = 0.0001, respectively) cells compared to the NT cells. These data
shows the potential of HYP/P123 PDT in the decrease of the invasive-
ness of cervical cancer cells.
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The processes of tumor growth, invasion and metastasis involve
several complex biological phenomena: cell proliferation, proteolytic
digestion and migration through components of the cell matrix [119].
In squamous carcinoma as the cervix, invasion and metastasis are
regulated by a complex system characterized by neoplastic and stromal
cell interaction. These processes are a consequence of basement mem-
brane and extracellular matrix degradation by various enzymes, mainly
matrix metalloproteinases (MMPs). The latter are zinc-dependent en-
zymes, with low expression in normal tissues but over-expressed in
malignant neoplasms [120]. Of all MMPs, MMP-2 and MMP-9 (gelati-
nases) have been consistently associated with aggressiveness, meta-
static potential, and poor prognosis in malignant neoplasms [119,120].
So, our next step was to assess the levels of MMP-2 and MMP-9 pro-
duced by cervical cancer cell lines after exposure to HYP/P123 PDT.
ELISA was used to quantify this production in cervical cancer cells su-
pernatants [121]. After the treatment with HYP/P123 PDT we noticed a
significant decrease in MMP-2 levels in HeLa (P = 0.001), SiHa (P =
0.0152), CaSki (P = 0.0081) and C33A (P = 0.0100) (Fig. 9A). MMP-2
is the most abundant MMP, secreted by many cell types including tumor
cells as cervical cancer [122]. Therefore, HYP/P123 PDT presented a
potent effect on inhibition of invasion and metastasis via MMP-2 pro-
duction inhibition.

Regarding MMP-9, there was a significant reduction in the pro-
duction of this enzyme in HeLa (P = 0.0016), SiHa and CaSki
(P < 0.0001 for both) cells. In the C33A cells, although it was observed
a reduction in the production, it was not statistically significant (P =
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Fig. 6. Analysis of cell death pathways induced by HYP/P123-mediated PDT. (A) Permeabilization of the plasma membrane by measuring the release of the
intracellular enzyme LDH. Each bar represents the mean * SD of three independent experiments conducted in triplicate. One-way ANOVA with a multiple
comparison test (Tukey-Kramer multiple comparisons test) was used for data analysis to identify potentially causal associations between variables. The (**) (****)
marks statistical significance when comparing treated cell groups (ICso) with NT. P < 0.05 was considered significant. (B) DNA fragmentation assay. Agarose gel
electrophoresis of HeLa, SiHa, CaSki, C33A and HaCaT treated with ICs; values or NT. Lane 1: 1Kb DNA ladder, lane 2: NT and lane 3: cells treated with ICs values.

0.9417) (Fig. 9B).The data regarding Hela, SiHa and CaSki are in angiogenesis is associated with high-grade cervical dysplasia and with
agreement with Du et al. [123] which reported the down-regulation of invasive squamous carcinoma of the cervix. VEGF is known to be one of
MMP-9 following HYP PDT in well-differentiated human nasophar- the most important inducers of angiogenesis and is upregulated in
yngeal cancer cells infected by the Epstein Barr virus. On the other carcinoma of the cervix. Additionally, HPV 16 E6 oncoprotein activates
hand, our data of MMP-9 are in accordance with Stupakova et al. [124] the VEGF gene promoter [125]. Considering these evidences, we eval-
that found that MMP-9 was not inhibited at all in glioma cells by uated whether treatment with HYP/P123 PDT influences the produc-
photoactivated HYP. tion of VGEF in HeLa, SiHa, Caski and C33A cell lines. As shown in

Like other types of pre-malignant lesions and carcinoma, Fig. 9C, after treatment with HYP/P123 PDT, the VEGF production was

14

55



HeLa SiHa CaSki C33A HaCaT

G.M.Z.F. Damke, et al. Life Sciences 255 (2020) 117858
A Control 0.4uM B
20000
P -~ | N\
3 g o
T T . 2 Positive Control
5 150009
© e - - ICSO
- -
® g
10000+
o 2
£ -
g U
0 5000-
. & 5000
b a
0-
=
©
O
]
b =

C .
" - m HYPPIBICy,
- 3 Posttive Control i HYPIP1231Cyy + SA
" if m =3 HYPIP123 Gy + DM

=
Cell Viability (%)

HDCFDA (arbitrary units)
=

=]
e

Hela SiHa CaSki C33A HaCaT Hela SHa  CaSki  CRA

Fig. 7. Oxidative stress induced by HYP/P123-mediated PDT exposure in the cervical cancer cell lines and HaCaT cells with illumination. (A) Total ROS production:
the bright field images and their corresponding fluorescence images of cells treated with HYP/P123 PDT. (B) Cellular oxidative stress determination by LPO which
the amount of DPPP, that is essentially non-fluorescent until oxidation to DPPP-O by peroxides. HYP/P123 PDT significantly increased DPPP-O in all cervical cancer
cell lines but not in HaCaT. (C) Production of total ROS by fluorimetric assay. (D) Determination of type I and type Il mechanism of PDT. The cell viability of the two
groups tested with SA and DM was higher than those treated only with HYP/P123 IC, values. Each bar represents the mean =+ SD of three independent experiments
conducted in triplicate. One-way ANOVA with a multiple comparison test (Tukey-Kramer multiple comparisons test) was used for data analyses to identify po-
tentially causal associations between variables. The (*) (**) (***) marks statistical significance when comparing treated cell groups with NT. P < 0.05 was considered
significant.

decreased in HeLa and SiHa (P < 0.0001 for both) and CaSki (P = 4. Conclusion

0.0006). Zhang et al. [126] also described that photoactivated HYP

inhibit the activation of the VEGF-A in human umbilical vein en- Following our previous works, in this study, we aimed to evaluate
dothelial cells (HUVECs). the efficacy of HYP encapsulated on Pluronic®P123 (HYP/P123) PDT in

On the other hand, although VEGF production after treatment with a comprehensive panel of human cervical cancer-derived cell lines,
HYP/P123 PDT in the C33A cell line is almost nil, there was no sta- including HeLa (HPV 18-positive), SiHa (HPV 16-positive), CaSki (HPV
tistical significance (P = 0.2892). This may be due to the basal pro- 16 and 18-positive), and C33A (HPV-negative), compared to a non-
duction of VEGF in this cell line be very low even in the untreated cells tumorigenic human epithelial cell line (HaCaT). Our results showed
compared to the levels of the untreated HeLa, SiHa and CaSki cell lines. that HYP/P123 micelles had effective and selective time- and dose-
In support of this hypothesis, Yuan et al. [127] described that VEGF was dependent phototoxic effects on cervical cancer cells but little damage
highly expressed in tumor tissues of cervical cancer patients with HPV to normal cells (HaCaT). Additionally, HYP/P123 micelles had selective
infection and the high levels of VEGF predict unfavorable prognosis of internalization in all cervical cancer cell lines but not in HaCaT, in-
cervical cancer. It is interesting to note that there was no significant dicating their potential to permeate the membrane of these cells.
reduction in both VEGF and MMP-9 production in the C33A cell line Moreover, HYP/P123 micelles accumulated in endoplasmic reticulum,
after exposure to HYP/P123 PDT. This cell line is negative for HPV mitochondria and lysosomes organelles, resulting in photodynamic cell
DNA. In HeLa, SiHa and CaSki, which are positive for HPV 18, 16, and death mainly by necrosis. HYP/P123 micelles were able to inhibit the
16 and 18, respectively, a significant reduction in the production of formation of cellular colonies, suggesting a possible ability to prevent
MMP-9 and VEGF was observed. These evidences points to the hy- the recurrence of cervical cancer. We also showed that HYP/P123 mi-
pothesis that the effect of HYP/P123 PDT in reducing the production of ~ celles inhibited the migration and invasion of tumor cells, possibly by
MMP-9 and VGEF is related to positivity for HR-HPV. However, the decreasing their ability to form metastases mainly via MMP-2 inhibi-
mechanisms by which this happen still need to be elucidated. tion. Taken together, the results presented here indicate that HYP/P123
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Fig. 8. Effects of HYP/P123 treatment on cell migration and invasion. Cell migration analysis using a wound-healing assay. HeLa (A), SiHa (B), CaSki (C), and C33A
(D) cells after scratching in the absence (NT) and presence of HYP/P123. The results were calculated by comparing wound closure after 24, 48, and 72 h with the
measurements taken at the initial time. (E) Cell invasion analysis using transwell chambers. Cervical cancer cell lines (HeLa, SiHa, CaSki, and C33A) were seeded onto
matrigel coated filters in transwell chambers. After 24 h of PDT IC,, and ICs, of each cell line, the number of cells on the bottom side of the filter was quantified and

expressed as percentage. The values are presented as the mean *

SD of three independent experiments conducted in triplicate. The (****) marks statistical

significance when comparing treated cell groups with NT. P < 0.05 was considered significant.
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Fig. 9. The levels of MMP-2, MMP-9 and VEGF in HeLa, SiHa, CaSki and C33A with HYP/P123-mediated PDT. (A) MMP-2 production. (B) MMP-9 production. (C)
VEGF production. Data are shown as the mean values + SD of three independent experiments conducted in triplicate. The (*) (**) (***) (****) marks statistical
significance when comparing treated cells with NT. P < 0.05 was considered significant.

PDT had a strong and selective antitumoral effect on cervical cancer
cells immortalized by HPV 16, HPV 18, HPV 16 and 18 together, and
without HPV, indicating its potential to be a powerful candidate in
developing therapeutic agents for all cervical cancer types.
Additionally, indicate a potentially useful role of HYP/P123 micelles as
a platform for HYP delivery to more specifically and effectively treat
cervical cancers through PDT, suggesting they are worthy for in vivo
preclinical evaluations.
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CAPITULO Il

CONCLUSOES

A avaliacdo da atividade antitumoral da TFD com HIP/P123 frente a um painel

abrangente de linhagens celulares derivadas de cancer cervical humano, incluindo HelLa
(HPV 18-positivo), SiHa (HPV 16-positivo), CaSki (HPV 16 e 18-positivo) e C33A (HPV-

negativo), em comparacdo com uma linha de células epiteliais humanas ndo tumorigénicas

(HaCaT), demonstrou que:

As micelas de HIP/P123 apresentaram efeitos fototoxicos eficazes e seletivos, dependentes
do tempo e da dose, nas células de cancer cervical, mas ndo em HaCaT;

A HIP foi internalizada seletivamente em todas as linhagens de cancer cervical, mas ndo
em HaCaT, indicando seu potencial de permear a membrana das células cancerosas
cervicais;

A HIP acumulou-se no reticulo endoplasmético, mitocondrias e lisossomos, resultando em
morte celular fotodinamica principalmente por necrose;

A HIP/P123 induziu estresse oxidativo celular principalmente por meio do mecanismo da
TFD do tipo I1;

A HIP/P123 foi capaz de inibir a formac&o de coldnias, o que evidencia uma citotoxidade a
longo prazo nas linhagens de cancer cervical, sugerindo uma possivel capacidade de
prevenir a recorréncia do cancer cervical;

As micelas de HIP/P123 inibiram a migracdo e a invasdo das células tumorais,
principalmente por meio da inibicdo de MMP-2, evidenciando seu potencial em diminuir a
formacdo de metéstases;

Em conjunto, os resultados demostraram que o tratamento com a TFD utilizando a
HIP/P123 como FS teve efeito antitumoral seletivo em células de céancer cervical
imortalizadas por HPV 16, HPV 18, HPV 16 e 18 juntos e sem HPV, indicando seu
potencial como um candidato promissor para o tratamento do cancer cervical.

Ainda, indicaram um papel potencialmente atil das micelas HIP/P123 como uma
plataforma para a entrega de HIP para tratar de forma mais especifica e eficaz o cancer
cervical por meio de TFD reforcando a necessidade da continuidade dos estudos

especialmente dos testes pré-clinicos in vivo.
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PERSPECTIVAS FUTURAS
Considerando os conhecimentos adquiridos com esta tese na busca de novos possiveis
candidatos e modalidades terapéuticas para o cancer cervical, temos a intencéo de realizar os

seguintes estudos:

e Avaliar outras possiveis vias de mecanismos de acdo da HIP/P123 em modelo de

neoplasia cervical,
e Avaliar a atividade antitumoral da HIP/P123 em modelos in vivo (animais);

e Desenvolver e avaliar a atividade antitumoral de diferentes formulacGes farmacéuticas da

HIP/P123 em modelo de neoplasia cervical e também em modelos animais.

e Elaborar uma revisao sistematica sobre o tratamento do cancer cervical utilizando a TFD.

O presente trabalho foi realizado com apoio da Coordenacdo de Aperfeicoamento de
Pessoal de Nivel Superior - Brasil (CAPES) - Codigo de Financiamento 001.



