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Vacinas baseadas em células dendriticas como imunoterapia personalizada

Resumo

As células dendriticas (DCs) sdo uma populacdo heterogénea de células imunes
responsaveis pelo processamento e apresentacdo de antigenos para os linfocitos T. Séo
divididas em varias subpopulacdes com caracteristicas fenotipicas e funcionais distintas e
podem ser encontradas no sangue periférico, pele, mucosas, e nos tecidos linfoides e ndo-
linfoides. DCs tém um papel central no desenvolvimento da resposta imune tanto contra
agentes infecciosos e cancer, quanto na regulacdo da resposta em doencas autoimunes e
alergias. Considerando que a funcdo das DCs esta prejudicada nos pacientes com cancer, varios
pesquisadores propuseram o desenvolvimento de vacina antitumorais terapéuticas baseadas nas
DCs, objetivando restaurar a capacidade de resposta imune e melhorar a capacidade defensiva
de linfécitos T CD4+ e CD8+ contra o cancer. Na presente revisdo, apresentamos uma visao
geral da biologia das DCs e de seu papel na imunidade antitumoral, os diferentes protocolos de
preparacdo das vacinas e 0s ensaios clinicos realizados com diferentes tipos de tumor,

evidenciando a viabilidade de uso dessas células para personalizar a terapia antitumoral.
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Abstract

Dendritic cells (DCs) are a heterogenous population of immune cells responsible for
antigens processing and presentation to T lymphocytes. They are divided in several subsets
with distinct phenotypic and functional features and can be found in the blood, skin, mucosa,
lymphoid and non-lymphoid tissues. DCs have a central role in the development of an immune
response both against infectious and malignant diseases, and in the regulation of autoimmune
and allergic responsiveness. Considering that DC function is usually impaired in cancer
patients, several authors have proposed the development of DC-based antitumor therapeutic
vaccines, aiming to restart the immune system and improve the CD4+ and CD8+ lymphocytes
responsiveness against cancer. In the present review, we overviewed the DCs’ biology and
their role in the antitumor immunity, the distinct protocols for preparing DC-based vaccines,
and the clinical trials involving different types of cancer, evidencing the feasibility of this

approach to personalize the anticancer therapy.
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I. Introducéo

As células dendriticas (DCs) foram observadas pela primeira vez por Paul Langerhans
em 1868, que as descreveu como celulas nervosas cutaneas, devido a sua forma de estrela com
ramificacdes de membrana que se assemelhavam aos neurénios(1). Apenas em 1973, Ralph
Steinman e Zanvil A. Cohn estabeleceram formalmente a denominagdo ‘“células
dendriticas”(2) em um artigo que iniciou a uma série de publicacdes, descrevendo as
caracteristicas morfoldgicas e funcionais que estabeleceram as bases para a nova era de estudos
sobre as DCs. Assim, pode-se citar a capacidade dessas células em ativar e estimular a
proliferacdo de linfocitos T, além de sua grande capacidade de fagocitose (2-5) .
Posteriormente, a demonstracdo por Sallusto e Lanzavecchia (6) de que DCs poderiam ser
diferenciadas in vitro a partir de mondcitos de sangue periférico, rompeu a limitagdo técnica
para 0 entendimento da biologia das DCs humanas, bem como para os estudos sobre a
possibilidade de manipulacdo in vivo ou ex vivo dessas células para fins terapéuticos ou
profilaticos.

A denominacédo dessas células decorre da observacdo de amplas ramificacfes de sua
membrana plasmatica a semelhanca de dendritos ou ramos de uma arvore. Essas células
apresentam um tamanho médio entre 13 a 15 um e uma superficie externa muito ampla, devido
as ramificacdes da membrana. Essa ampla superficie permite que as DCs interajam e endocitem
concomitantemente varios antigenos solUveis ou particulados, que serdo processados e
posteriormente, apresentados aos linfocitos T. Essa alta capacidade fagocitica e de
processamento antigénico torna as DCs as principais celulas apresentadoras de antigenos
(APCs) (7), sendo as Unicas células capazes de apresentar antigenos para os linfécitos T virgens
e promover sua ativacdo e proliferacdo (7).

As DCs se originam principalmente de progenitores hematopoiéticos CD34+ da medula

0ssea, estimulados pelo ligante de tirosina quinase 3 relacionada a Fms (FLT3L) e GM-CSF
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(8). Esses precursores CD34+ diferenciam-se em células progenitoras mieldides comuns e
células progenitoras linféides comuns. As primeiras diferenciam-se em precursores de
monocitos-DC, o que dard origem aos mondcitos e aos precursores comuns de DC que
posteriormente diferenciaram-se em DC pré-classicas (pre-mDC) ou em DC plasmacitoides
(pDC). Estas tltimas podem se originar também das células progenitoras linféides comuns.
Essas pDC e pre-mDC deixam a medula 6ssea e migram via circulacdo sanguinea para 0s
tecidos periféricos, impulsionadas por quimiocinas. As pré-mDC diferenciam se em mDC1 ou
mDC2 dependendo das citocinas do entorno (9) e, no caso de atingirem a pele, podem
diferenciar-se em células de Langerhans ou DCs dérmicas intersticiais (10). Portanto, as DCs
podem ser classificadas em 3 subgrupos: DCs plasmacitoides, DCs dérmicas e as DCs
mieloides (11) (Figura 1).

As DC plasmacitoides sao caracterizadas pela expressdao de CD123+, CD303+, BDCA-
4+ e CD11c-. Essas DCs estdo bem equipadas para produzir IFN Tipo 1 (IFN-I) rapidamente,
em resposta a infec¢des virais, devido a alta expressdo dos receptores Toll similes (TLR) 7e 9
e sdo usualmente associadas a resposta anti-infecciosa. Elas também sdo capazes de ativar as
células T CD8 citotoxicas (12). Varias doencas autoimunes estdo associadas a niveis elevados
de IFN-I, o que implica que as pDCs desempenham um papel importante no desenvolvimento
dessas doencas (13), como é o caso da psoriase e do lupus eritematoso sistémico. Na psoriase,
as leses cutaneas sdo altamente infiltradas por pDCs ativadas com elevada expressdo de
BDCA-2 (14). Pacientes com lupus apresentam diminuicdo dos pDCs circulantes e acimulo
dessas células ativadas nos tecidos afetados, como a pele (15). Além disso, induzem a producéo
de anticorpos antinucleares e expressam altos niveis de TRL7/9, explicando assim seu alto

nivel de producéo de IFN-I (16).
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Figura 1. A) Dendropoese: Células tronco hematopoiéticas dao origem a células precursoras
mieléides comuns e células precursoras linfoides comuns. As precursoras mielGides se
diferenciam em células precursoras de mondcitos-DCs e, que que podem se diferenciar em
mondcitos ou celular precursoras de Mo-DCs. Essas por sua vez, dardo origem as pre-mDCs,
que posteriormente serdo diferenciadas nas principais subpopulacées de DCs: mDC1 e mDC2.
Essas células sdo encontradas na corrente sanguinea em sua forma imatura, e uma vez que
reconhecem o antigeno, migram aos linfonodos para apresentar os antigenos aos linfocitos.
Aguelas que atingem a pele, diferenciam-se em células de Langerhans ou em DCs dérmicas
intersticiais. Finalmente, as DCs plasmacitoides (pDCs) podem ser originadas a partir de
células precursoras mieldides e linféides, podendo ser encontradas na corrente sanguinea,
tecidos linfoides e ndo linféides.

B) Principais marcadores das subpopulaces DC: As DCs mieldides convencionais (mDCs)
podem ser subdivididas em mDC1 e mDC2, diferenciando-se de acordo com a expressdo de
CD141,CD1ce TLRs. As pDCs séo caracterizados pela expressdo de CD123, CD303, BDCA-
4 e producdo de IFN-a. As DCs que habitam a pele sdo as células de Langerhans, que
expressam niveis elevados de CD1lc, CD207 e HLA-DR, e as DCs dérmicas que se
subdividem de acordo com a expressdo de CD1ae CD14. FLT3: Tirosina quinase 3 relacionada
a FMS; GM-CSF: fator estimulador de colonias de granuldcitos e monadcitos. (Figura elaborada
pelo autor).
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As pDCs também tém um papel importante na imunidade antitumoral. Por exemplo, no
estudo de Wu et al. (2017) os autores mostraram que as pDCs ativadas, obtidas a partir de
modelos murinos com cancer de mama, podem eliminar células tumorais HER2/Neu+ in vitro,
atraves da liberacdo de TRAIL e granzima B (17), conhecidos por ativar células NK e T CD8
+ (18). Outro estudo mostrou que a ativacdo intratumoral de pDCs por meio de
oligodeoxinucleotideos CpG (reconhecido por TLR9 (19)), ativou e recrutou células NK,
induzindo a regressdo tumoral de melanoma in vivo (20). Além disso, as pDCs diferenciadas
in vitro tém maior capacidade de induzir células NK a matar células de leucemia linfoblastica
aguda devido a producdo de maiores quantidades de IFN-A2 (21), um tipo de interferon

conhecido por desempenhar um papel critico na inducdo de células NK antitumorais (18).

As DCs dérmicas, originadas de um progenitor miel6ide, sdo divididas em 2 subgrupos,
as células de Langerhans e as DCs dérmicas intersticiais(10). As células de Langerhans sdo
células residentes da epiderme tipicamente caracterizadas como CDla+ e CD207+, sendo
altamente relevantes em infeccOes cutaneas, pois migram para os linfonodos para interagir
com as células T (22). As DC dérmicas intersticiais estdo localizadas na matriz extracelular da
derme, sdo caracterizadas pela expressdo na superficie de CD36 e a producdo do fator de
coagulacdo Xllla. Estas também sdo divididas em duas subpopulacbes de acordo com sua
expressdo de CDla e CD14. As células CDla+ e CD14- estimulam e ativam células TCD8+
enquanto as CDla- e CD14+ sdo especializadas em estimular a resposta imune humoral,

produzindo CXCL13, e induzindo a geragdo de células T auxiliares foliculares (Thf) (10, 23).

As DCs mielbides ou DCs "convencionais" sdo subdivididas em 2 grupos de acordo
com a expressdo diferencial de CD1c e CD141. As mDC1 expressam CD141, mas ndo CD1c,
enquanto as mDC2, sdo CD1c*/CD141". Além disso as mDC2 expressam também moléculas
de histocompatibilidade de classe (MHC)-II, CD11c, SIRPa, TRLs (1 a 9), e produzem varias
citocinas inflamatdrias (24). Estao distribuidas na corrente sanguinea e nos ganglios linfaticos
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(25), geralmente associados a apresentacdo de antigenos para as células T CD4 (26). Sao
produtores das interleucinas (IL)-12p70, IL-1p, IL-6 e 1L-23 e sdo capazes de induzir perfis
Thl e Th17(27). Por Gltimo, expressam niveis elevados de dectina-1 e 2 (CLEC7A/CLEC6A)
(28), receptores de lectina do tipo C e receptores de manose que reconhecem PAMPS flngicos
(29). Um exemplo disso € o estudo de Fernandes et al. onde desafiaram DCs geradas in vitro
com antigenos fungicos derivados de Paracoccidioides brasiliensis (Pb18 e Pb265).
Observaram que as DCs reconheceram os antigenos fungicos por meio do receptor de manose,
inibindo a producdo de TNF-a (30). Em estudo posterior, estimularam o TLR 9 (TLR que
reconhece PAMPS flngicos) presentes nas DCs in vitro, aumentando assim sua capacidade
antifangica contra os P. brasiliensis, produzindo grandes quantidades de peroxido de

hidrogénio (31).

As mDC1, como todas as células apresentadoras de antigenos profissionais, capturam
antigenos e os processam pela via endocitica, 0 que leva a apresentacdo de peptideos associados
as moléculas de histocompatibilidade de classe Il. Os antigenos tumor-associados, gerados no
interior das células tumorais, sdo processados pela via citosolica, sofrendo degradacdo no
proteassoma, cujos peptideos resultantes passam para o reticulo endoplasmatico com auxilio
das proteinas de transporte TAP-1 e TAP-2. No interior do reticulos, os componentes da
maquinaria de processamento antigénico, tapasina, calnexina, calreticulina e ERp57,
promovem a acomodacao dos peptideos na fenda da cadeia pesada o das moléculas de classe |
nascentes, bem como a ligacdo com a cadeia leve B2-microglobulina, para subsequente
expressao na superficie das células tumorais (32). Esses antigenos presentes na superficie das
células tumorais sdo os alvos prioritarios dos linfocitos T citotdxicos CD8*. Porém, para que
tais células imunes sejam geradas, € necessario que 0 0s antigenos tumorais sejam previamente
capturados e processados pelas APCs, que os apresentardo aos linfocitos. Assim, via de regra,

células tumorais mortas, fragmentos dessas células ou antigenos solUveis secretados pelas
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células tumorais sdo endocitados pelas APCs profissionais e processados no interior de
fagolisossomos por acdo das enzimas lisossomais, gerando peptideos que permanecem no
interior dos vacuolos. Esses vacuolos fundem-se com outros que contém moléculas nascentes
de MHC classe II, em cuja fenda formada pelas cadeias a e B serdo acomodados os peptideos
gerados durante o processamento antigénico (33). Assim, 0s antigenos processados e
apresentados pelas APCs serdo reconhecidos por células CD4+. Uma caracteristica essencial
das mDC1 é sua capacidade de apresentar antigenos exdgenos em associa¢cdo com MHC-I,
fendmeno denominado apresentacdo cruzada (cross-priming ou cross-presentation) (11),

capacidade hoje reconhecida também em macréfagos(34).

O cross-priming consiste, basicamente, na transferéncia de peptideos processados pela
via endocitica para compartimentos subcelulares envolvidos na associacdo de peptideos
citosélicos as moléculas de MHC-I. Este fendmeno foi observado pela primeira vez nos
experimentos de compatibilidade de MHC de Bevan et al. (35) em que injetaram no
camundongo, células esplénicas de outro camundongo com antigenos de histocompatibilidade
menores diferentes. Os autores observaram que esses antigenos menores induziram a geracdo
de linfocitos T citotdxicos (CTL) especificos e concluiram que as células do camundongo
receptor poderiam ativar seu sistema imunol6gico, apresentando os antigenos exdgenos
menores presentes nas células esplénicas do animal doador. Portanto, havia a apresentacdo de
peptideos do MHC do doador (antigeno exdgeno), associados a moléculas do MHC do
receptor, evento que recebeu a referida denominacao (35, 36). Anos depois, Rock et al. (37)
mostraram que apenas as DCs podem processar e apresentar antigenos extracelulares

associados ao MHC classe |I.

Atualmente sdo considerados dois modelos sobre o processo de transferéncia dos
peptideos para os compartimentos da via citosélica de processamento, referidos como via
citosolica e via vacuolar de apresentacdo cruzada. No modelo da via citosolica, os antigenos
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sdo liberados do limen dos compartimentos fagociticos para o citoplasma, onde s&o
posteriormente processados pelos proteassomos(38), seguindo entdo o mesmo caminho do
processamento de antigenos enddgenos. No modelo vacuolar, os antigenos extracelulares séo
internalizados e degradados nos endossomos por enzimas lisossomais e 0s peptideos
resultantes sdo ligados as moléculas de MHC-I presentes nesses mesmos endossomaos, por um
processo similar aos que ocorre com a apresentacdo via MHC-II, independente da acdo das

moléculas TAP e envolvendo a atividade de catepsinas (39, 40).

Uma vez que o antigeno é transportado e expresso no MHC-1 das DCs, esse interage
diretamente com o receptor de células T (TCR) das células T que usam a molécula CD8 para
estabilizar essa interagdo (41). Esta ligagdo é aumentada pelas moléculas de co-estimulacao
CDB80 e CD86 presentes nas DCs que se ligam ao CD28 presente nas células T CD8+ (42). A
estimulacdo do TCR e CD28 leva a ativacéo das vias AMPK (43) e mTOR (44), que regulam
o crescimento, proliferacdo e metabolismo celular, o que resulta na expansao desses linfdcitos

(45).

Todas as DCs mieloides podem fazer apresentacdo cruzada, mas o mDC1 é considerado
0 "especialista” nesse processo (46), ndo apenas por sua elevada expressdo de MHC-I (47) mas
também pela expressdao de altos niveis de CLEC9A e TLR3 (48). O TLR3 reconhece
principalmente PAMPSs virais (49) e, quando ativado, ocorre um aumento na producédo de IFN-
a/B (49) , estimulando a expressdo do MHC-I (50) e do TAP1 (51). O CLEC9A, por sua vez,
é um receptor endocitico que reconhece filamentos de actina de células necroticas (52) e sua
principal funcdo € transportar os antigenos exdgenos capturados para os endosomos contendo

0 MHC-1, promovendo apresentacdo cruzada (48, 52).

As mDC1 podem ser encontradas nos tecidos linféides e ndo linféides no estado imaturo

(iDC), fase caracterizada pela alta expressdo de MHC Il intracelular, baixa expressédo de
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moléculas co-estimulatérias e de receptores de quimiocinas (7). Além disso, iDCs tém
capacidade de captura e absor¢édo de antigenos por meio de endocitose, pinocitose e fagocitose
superior a de sua correspondente madura. Essa caracteristica permite que essas células
patrulnem constantemente o ambiente interno, procurando e ativando-se ao reconhecer
antigenos estranhos (7). Essa ativacdo ocorre ap0s o reconhecimento de padrées moleculares
associados a danos (DAMP) ou a estimulacdo de receptores de reconhecimento de padrbes
(PRR), como os receptores Toll-similes (TLR). Esses sinais iniciam programas de transcricao
metabdlica, regulando positivamente receptores de quimiocinas como o CCR7, que permitem
a migracdo das DCs dos tecidos periféricos para as areas dependentes de T dos linfonodos
secundarios, onde ocorre a apresentacdo dos antigenos processados pelas DCs maduras as
células T naive (53). Durante esse processo de maturacdo, as DCs diminuem sua capacidade
fagocitica e de adesao e também reorganizam seu citoesqueleto, aumentando sua mobilidade.
A principal mudanca observada nas células maduras é o aumento na expressdo de MHC-I/11 e

moléculas co-estimuladoras, como CD40, CD80 e CD86 (2).

Em comum, todas as subpopulacGes de DCs tém a capacidade de se comunicarem
constantemente com outras células do sistema imunolégico. Essa comunicacdo pode ser
alcancada por meio da interacdo direta entre receptores e ligantes de superficie celular (41), ou
de modo indireto e remotamente por meio de citocinas. As DCs podem produzir diferentes
tipos de citocinas dependendo do estimulo recebido ou do ambiente onde se encontram, sendo
as mais relevantes as 1L-12, IL-23, IL-27, IL-6, IL -1, o fator de necrose tumoral alfa (TNFa)

e o interferon alfa (IFN-a) (54).

Na resposta antitumoral destaca-se a producdo de IL-12, citocina composta por duas
subunidades covalentemente ligadas, as IL-12p35 e IL-12p40, constituindo a forma bioativa
IL-12p70 (55). Sua principal acdo é induzir a producdo de IFN-y pelas células T CD4 * (gerando
uma resposta Thl), células NK e T CD8 (56). Essa citocina aumenta a capacidade citotdxica,
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proliferacdo e migracdo de células T CD8™" (56) e de células NK (57) favorecendo a fase efetora
da atividade antitumoral. A IL-12 também possui atividade anti-angiogénica, atraves da
producdo de IFN-y, que por sua vez aumenta a produgdo da proteina induzivel por interferon -
10 (IP-10) (58), um inibidor da neovascularizacdo que bloqueia a proliferacdo de células

endoteliais (59, 60), evidenciando ainda mais a atividade antitumoral da IL-12.

O TNF-a é uma potente citocina pro-inflamatdria, produzida principalmente por
macrofagos, mas também pode ser produzida por células NK, linfocitos B e DCs (61). Entre
os estimulos que induzem a expressdo do TNF-o pelas DC estio as infecgdes virais e
bacterianas, ligacdo com CD40L, estresse oxidativo, proteinas de choque térmico, HMGB1 e
interacdo com células NK ativadas (62). O TNF-a tem fungdo autocrina e afeta as DCs de
varias maneiras por exemplo, melhorando a viabilidade e a migracéo das células de Langerhans
(63) aumentando a expresséo do MHC-II nas DCs (64) e promovendo sua a
maturacao/ativagéo (65). A maioria dos tipos celulares pode produzir essa citocina em resposta
a infeccdo por virus (66), mas sdo as pDCs, que expressam altos niveis de TLR7/9 e IRF- 7,

as principais DCs produtoras dessa citocina (66, 67).

A IL-1 é liberada por macrofagos, mondcitos e DCs em resposta a0 TNF-a'(68).
Apresenta trés formas, a IL-1a (intracelular) e a IL-1pB (extracelular), que apresentam efeitos
pré-inflamatorios em decorréncia da liberacdo de histamina pelos mastdcitos, causando
vasodilatacdo e sinais de inflamacéo localizada, além de possuir atividade quimiotatica sobre
os neutrdfilos. A terceira forma é a IL-1RA, que possui atividade inibitoria e atua impedindo a
ligagdo de IL-1a e P aos seus respectivos receptores (68). A IL-1 também estimula a producéo
de IL-6, outra citocina produzida por DCs, macrofagos, células T, células endoteliais e
fibroblastos (69), cujas principais fungdes sdo promover a producdo do fator de crescimento
transformador (TGF) -B, a diferenciagdo de células T CD4 + naive em Th17 (69, 70), estimular
a diferenciacdo de células T foliculares auxiliares e, assim, aumentar a producéo de 1L-21 (71).
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Em oposicao as citocinas supracitadas, a IL-10 € uma citocina conhecida pelos seus
multiplos efeitos inibitérios e imunorreguladores(72). De fato, essa citocina pode ser
considerada um marcador de DC supressoras pois além de sua baixa capacidade de
apresentacdo de antigenos, as DCs produtoras dessa citocina suprimem a capacidade
apresentadora das outras DCs (73). A IL-10 atua regulando negativamente a expressdo de
citocinas inflamatérias das células Thl, a expressdao de antigenos MHC classe Il e das
moléculas co-estimulatdrias em APCs (74). Além disso, em conjunto com TGF-f, estimula a
diferenciacdo das células T reguladoras (Treg) via Foxp3 (75), estabelecendo-se, portanto, uma

correlacdo inversa com a IL-12 e limitando a resposta antitumoral (76, 77).

1. Vacinas antitumorais baseadas em células dendriticas

Durante os estagios iniciais da carcinogénese, os tumores tém a capacidade de modificar
e silenciar a resposta imune, especialmente por ndo expressarem antigenos relevantes para a
ativacao dos sistema imune (78) e pela producéo de citocinas reguladoras (79-81). As vacinas
baseadas em DC destinam-se principalmente a corrigir esse estado de anergia, reativando o

sistema imunologico e estimulando-o a reconhecer as células tumorais.

O primeiro ensaio clinico de vacinas baseadas em DC em imunoterapia foi publicado
em 1996 por Hsu et al. (82), em que quatro pacientes com linfoma folicular de células B
receberam uma série de trés injecdes subcutaneas de DCs pulsadas com antigenos obtidos a
partir de bidpsias dos ganglios linfaticos em conjunto com KLH (Keyhole limpet hemocyanin),
uma proteina altamente imunogénica. Os autores observaram que 0s quatro pacientes
desenvolveram resposta imune contra KLH sendo que um deles apresentou regressao tumoral

completa e outro regressao parcial (82).
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Apesar do grande numero de estudos realizados para o desenvolvimento das vacinas
terapéuticas antitumorais de DC e, que varios centros em todo 0 mundo utilizem clinicamente
as preparacdes vacinais, ndo ha ainda um protocolo de consenso para a sensibilizacdo dessas
células. Alguns grupos defendem o uso de células progenitoras hematopoéticas CD34+
diferenciadas in vitro em DC pela cultura com FIt3-L (83), mas o protocolo mais amplamente
utilizado e com maior volume de dados clinicos é baseado na diferenciacdo in vitro de
monacitos isolados das células mononucleares de sangue periférico (PBMC) obtidos por
leucoférese (84). A suspensao celular, rica em mondcitos, obtida por aderéncia ao plastico ou
por selecdo de CD14+ é diferenciada em DCs imaturas por acdo de citocinas recombinantes,

classicamente 0 GM-CSF e a IL-4 (85) (Figura 2).
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Figura 2. Protocolo basico para diferenciacdo in vitro de células dendriticas a partir de
mondcitos de sangue periférico. Amostras ricas em leucécitos do paciente, obtidas por
plasmaférese, sdo submetidas a separacdo por centrifugacdo em gradiente de densidade para
obtencdo de células mononucleares (PBMC). Essa suspensdo € entdo submetida a
enriquecimento de mondcitos, por adesdo a superficie plastica de placas de cultura, ou selecéo
de células CD14+ por separacdo magnética ou cell sorter. Essas células sdo entdo cultivadas
na presenca de GM-CSF e IL-4 recombinantes por 5 dias, para obtencédo das iDC. A maturacao
e ativacdo dessas células é induzida pela exposi¢cdo aos antigenos tumor-associados, sendo
possivel otimizar esse processo com a adi¢do de citocinas ou fatores de crescimento diversos.
Apds 2 dias de incubacdo, essas células devem estar ativadas e prontas para inocula¢do nos
pacientes (Figura elaborada pelo autor).

Anguille et al. (86) compararam o protocolo classico descrito acima e o seu proprio, no
qual a IL-4 foi substituida por IL-15 (87), sequindo-se cultura por 5 dias e subsequente ativacao
da maturacgdo pela adigdo de citocinas pro-inflamatorias (TNF-a, IL- 1B, IL-6, PGE2) e um
coquetel de TRL 7/8 soltvel. Os autores constataram que as DCs de seu protocolo apresentaram
expressao superior de CD83, CD40, e as moleculas de co-estimulacdo (CD80, CD86) além de
secretar mais IFN-y e IL-12p70. Em outro protocolo, foi proposta a combinagéo de IL-4 com
IL-3, no lugar de GM-CSF, com base no fato de que mondcitos possuem receptores para essa

interleucina e as DCs utilizam IL-3 para proliferar (88). Essa combinacgéo, entretanto, gerou
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DCs que produziam menos IL-12p70 e mais IL-10 em comparacdo com aquelas que foram
diferenciadas com GM-CSF ou por co-cultura com células T CD4+ alogénicas, bem como
menor capacidade de induzir a producdo de IFN-y (89). Além disso, o uso de citocinas pro-
inflamatdrias como TNF-a e IFN-y para complementar a ativacdo de iDCs € uma opcdo a ser
considerada, pois estimulam a maturacdo, como evidenciado pelo aumento da expressao de

marcadores de superficie como CD83, CD86, HLA-DR, CD40 e CD25 (90, 91).

Estudos prévios de nosso grupo evidenciaram que quimioterapicos selecionados
também podem favorecer a maturacdo das DCs (92). Observamos que baixas concentraces
ndo citotdxicas de quimioterapicos como vinblastina, paclitaxel, azacitidina, metotrexato e
mitomicina C aumentam a expressdo de CD83 e CD40 nas DCs geradas in vitro (93) e de
MHC-II, bem como a producéo de IL-12p70 (94). Também observamos que o uso de paclitaxel
(PTX) e doxorrubicina (DOX) em baixas concentragdes aumentam a expressao de proteinas da
maquinaria de processamento de antigeno, como calmodulina, LMP2, LMP7, TAP1 e tapasina

(95) por células de cancer de célon humano HCT-116.

Os protocolos de sensibilizacdo de DCs podem variar de acordo com a natureza do
antigeno, sendo comumente utilizadas proteinas purificadas, proteinas recombinantes,
peptideos, e acidos nucléicos. Proteinas purificadas e eventualmente peptideos, sao geralmente
obtidos de lisados de células tumorais do préprio paciente, objetivando a obtencdo da maior
variedade possivel de antigenos Unicos do individuo para sensibilizar as DCs aut6logas. O
racional dessa abordagem é possibilitar a estimulacdo de uma imunidade especifica ao
repertorio de antigenos presentes no cancer do paciente, eventualmente ainda néo
caracterizados (96). Além de seu custo relativamente baixo, as principais vantagens do uso de
lisado tumoral aut6logo sdo a auséncia de restricdo pelo HLA e o curto tempo de preparacéo,

comparado as estratégias artificiais de producdo de neoantigenos.
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Em nosso grupo, usamos esse tipo de preparacdo para avaliar se o tratamento de células
tumorais com baixas concentragdes de quimioterapicos aumenta a imunogenicidade dos
antigenos expressos na superficie. Para isso, DCs geradas in vitro foram expostas ao lisado
tumoral de células de cancer colorretal HCT-116 pre-tratadas com baixas concentracfes de
PTX e DOX. Essas DC foram entéo co-cultivadas com linfdcitos autélogos por duas semanas,
posteriormente testadas quanto presenca de células citotoxicas especificas para HCT-116.
Observamos que as DCs tratadas com esse lisado induziam células T citotoxicas (CTL) com
atividade citotoxica mais elevado do que as DCs tratadas com lisado de células tumorais sem
tratamento (95). Usando esse mesmo protocolo, observamos, em outro estudo, que o lisado de
células HCT-116 previamente tratadas com 5-fluororacil e cloroquina (bloqueador de
autofagia) aumenta a expressdo dos marcadores de maturacdo de DC (CD80, CD83, CD86 e
HLA-DR), bem como em sua capacidade de estimular a proliferacdo de células TCD8+ e
TCD4+ especificas para células de cancer colorretal, aléem de elevar a expressdo de IFN-y e

diminuir a expressao de 1L-10 (97).

Lisados tumorais também j& foram utilizados em estudo clinico de fase | em pacientes
pediatricos com gliomas de alto grau, para sensibilizar DCs derivadas de mondcitos in vitro.
Essas DCs foram entdo usadas como vacinas terapéuticas e, apds a administracdo de nove
doses, 0s pacientes apresentaram pico de producédo de IL-4, IL-6, IL-10 TNF-alfa e INF-y ao

28° dia, porém sem melhora clinica diretamente relacionada a vacina (98).

As proteinas recombinantes utilizadas em protocolos de sensibilizacdo de DCs s&o
geralmente proteinas quiméricas ou fundidas com multiplos epitopos que tém a capacidade de
estimular a resposta imune de forma mais intensa, além de ndo serem restritas pelo HLA, como
alguns peptideos. Em geral, essas proteinas estdo altamente expressas em alguns tipos de
cancer, como é o caso da proteina de fusdo manana-MUC1 (MFP), presente em Varios
adenocarcinomas (99). Em um estudo clinico, dez pacientes com diferentes tipos de
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adenocarcinomas (pulméo, ovario, rim, mama, colon e estbmago) com elevada expressdo de
MUC1 foram tratados com DCs autologas sensibilizadas com a essa proteina de fusdo. Apos 3
doses mensais da vacina observou-se aumento da producdo de IFN-y em todos os pacientes e
estabilizacdo da doenca naqueles com a doenca em progresséao (cancer de ovario e rim), embora

niveis elevados de anticorpos anti-MUC1 s6 tenham sido observados em 3 pacientes (100).

Outra proteina recombinante a ser considerada € o antigeno 3 associado ao melanoma
(MAGE-A3), que é um antigeno altamente expresso em melanomas e no carcinoma de células
ndo-pequenas do pulmao, neuroblastomas, sarcomas, cancer de bexiga e nos hepatocarcinomas
(101). Em estudo clinico, observou-se regressdo tumoral em seis pacientes com melanoma
tratados com inje¢des subcutaneas de um peptideo MAGE-A3 em solucao salina em trés doses
por trés meses (102). Em estudo subsequente, esse protocolo foi testado em 39 pacientes com
melanoma metastatico nos estagios Il e 1V, observando-se que em 14 deles a doenca regrediu
rapidamente a partir da segunda dose (103). Esses resultados promissores estimularam 0s
pesquisadores a criar uma proteina recombinante denominada MAGE-A3 Cl, sintetizada pela
combinacdo de MAGE-A3 combinada com o adjuvante AS15 (104). A atividade antitumoral
e de estimulacdo imunoldgica de MAGE-A3 CI foi demonstrada em varios estudos, incluindo
um ensaio clinico, realizado em 71 pacientes com cancer de pulméao de células pequenas, nos
quais foram detectados anticorpos anti-MAGE-A3 em todos os individuos. Além disso, mais
da metade dos pacientes apresentaram niveis elevados de células TCD4+ especificas e células
T CD8+ especificas em quatro dos 71 pacientes. Em outro estudo, 25 pacientes com melanoma
no estagio 11B-IV MAGE-A3+ foram tratados com MAGE-A3 CI, administrado por via
intramuscular (13 pacientes) ou intradérmica (12 pacientes), esperando estimular diretamente
DCs convencionais, DCs dérmicas e células de Langerhans. Constatou-se que um paciente de
cada grupo apresentou resposta especifica e proliferativa de linfécitos TCD8+ contra MAGE-

A3. Além disso, quatro pacientes do primeiro grupo e sete do outro apresentaram aumento da
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proliferacdo de linfocitos TCD4+. A contagem de DCs convencionais, DCs dérmicas e células
de Langerhans ndo variou entre as vias de administracdo, embora a via intradérmica tenha
produzido maior resposta de TCD4+. Finalmente, ambas as vias foram bem toleradas, e todos

0s pacientes geraram anticorpos especificos para MAGE-A3 (NCT01425749)(105).

A transfecgdo viral também tem sido utilizada como meio de sensibilizacdo de DCs.
Por exemplo, no estudo de Di Nicola et al. o gene da tirosinase (MVA-hTyr) foi inserido em
virus da vaccinia de Ancara (versdo atenuada do poxvirus) com o objetivo de transfectar DCs
com esse gene, Vvisto que a tirosina quinase é um dos antigenos tumorais associados ao
melanoma. Essa vacina foi testada em seis pacientes com melanoma maligno nos estagios 3 e
4, observando-se aumento gradual nas células TCD8+ especificas parao antigeno tumoral e
aumento de IFN-y na corrente sanguinea dos pacientes a partir do 5° dia ap6s a inje¢do (106).
Outro virus usado como um vetor de transfeccdo é o adenovirus, mais especificamente o virus
com replicacdo defeituosa que codifica o antigeno de melanoma MART-1. Este é um antigeno
imunogénico, normalmente expresso em células pigmentadas normais e que tem expressdo
exacerbada em celulas malignas, incluindo melanomas. Este virus foi utilizado para sensibilizar
DCs de 14 pacientes com melanoma metastatico, com o objetivo de ativar as celulas T CD8+
e CD4+ especificas a0 MART-1. Apds a administracdo de trés doses de 10’ DCs, os autores
observaram aumento nos niveis séricos de IFN-y e aumento de TCD8+ circulantes especificos
para MART-1, compativeis com a estabilizacdo da doenga em quatro dos 14 pacientes e

aumento do tempo de sobrevida média de 27 para 42 meses em outros 4 (107).

DCs podem ser também sensibilizadas com vetores artificiais, como as células de vetor
adjuvante artificial (VAA) que sdo fibroblastos que expressam artificialmente a-
galactosilceramida (a-GalCer), uma estrutura morfologicamente similar a CD1d, que
estimulam células NK invariantes (NKi). Este subtipo de NK é caracterizado por expressar

altamente as cadeias off invariantes do receptor de células T (TCR) e produzir IL-4 e IFN-y,
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estimulando uma resposta Thl (108). Ao contrario das células T convencionais, que
reconhecem peptideos ligados a moléculas de MHC, as células NKi reconhecem glicolipidios
ligados as moléculas do MHC de classe | ndo polimorficas, chamadas CD1d (109). As NKi, ao
reconhecerem os VAA, além de destrui-los, ativam as DC que fagocitam os fragmentos
celulares desses vetores (110). Em um ensaio experimental in vivo, 0 grupo observou aumento
no IFN-y e redugdo da massa tumoral (111) e no estudo clinico de fase I/11, 17 dos 18 pacientes
com cancer de pulméo avancado tratados com o VAA tiveram aumento no IFN-y, com aumento

da sobrevida em 18 meses em comparag¢do com o grupo controle (112).

A transfeccdo de &cidos nucléicos com vetores ndo-virais e sua subsequente expressao
proteica em DCs também tem sido amplamente utilizada. A técnica consiste em isolar material
genético de células tumorais, unindo-as a um veiculo de transfeccéo ndo-viral que introduz essa
informacdo nas DCs, que posteriormente podera expressar as proteinas correspondentes para
apresentacdo antigénica, permitindo que antigenos tumorais (exdgenos), geralmente
apresentados em associacdo com moléculas de MHC classe |1, sejam agora apresentados no
contexto das moléculas de classe | (apds processamento citosélico) (113). Em nossos estudos,
transfectamos iDC com RNA total de células de cancer de colén HCT-116, previamente
tratadas com 5-fluorouracil. Observamos que essas DCs apresentaram aumento da expressao
dos marcadores de maturacdo e co-estimulacdo (CD83, HLA-DR, CD80 e CD86), em
comparacdo com DCs transfectadas com RNA de células tumorais ndo tratadas. Além disso,
observamos melhora funcional das DCs, evidenciada pelo aumento da capacidade de induzir a
proliferacdo de células T alogénicas, gerar células T CD8+ especificas contra HCT-116 e
aumentar a producdo in vitro de IFN-y (114). Em estudo similar, utilizando um modelo animal,
observamos que camundongos tratados com DCs sensibilizadas com RNA total das células
tumorais expostas ao 5-fluorouracil, reduziu de modo significativo o crescimento das células

tumorais implantados sub-cutaneamente (115). Em estudo clinico de fase Il, 43 pacientes com
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cancer de prostata resistente a castracdo, previamente tratados com docetaxel, foram tratados
com vacinas autologas de DC transfectadas com mRNA que codifica o antigeno especifico da
prostata (PSA) e fosfatase acida da préstata (PAP). Os autores observaram que a sobrevida
média dos pacientes e a sobrevida livre de progresséo tiveram leve aumento em relagdo ao uso
de docetaxel isoladamente, com 78% dos pacientes apresentando resposta especifica para PSA

e PAP (116).

Outro método alternativo para sensibilizar DCs, com resultados bastante promissores,
é a criagdo de hibridomas compostos por DCs e células tumorais. Este método de fusdo celular
permite que as DCs sejam expostas a uma ampla gama de antigenos associados a tumores
(ATTSs) provenientes das células tumorais(117). As DCs entdo processam endogenamente 0s
ATTs e os apresentam simultaneamente através do MHC classe | e 11, resultando na ativagao
simulténea das células T CD4+ e CD8+(118). Para demonstrar isso, Pinho e Barbuto et al.
usaram células de cancer de mama que expressam constitutivamente um antigeno de
citomegalovirus (CMV) e as fundiu por eletrofusdo com células dendriticas geradas in vitro.
As DCs hibridas resultantes expressaram CD80, CD86, CD83, HLA-DR e MHC classe | em
maior quantidade do que as DCs nédo fundidas. Além disso, as DCs hibridas geraram uma
expansao de linfocitos T citotoxicos especificos para CMV (CTL) e uma alta producéo de IFN-
v quando expostas a células tumorais CMV positivas(119). Os ensaios clinicos usando essa
técnica em pacientes com cancer tiveram resultados igualmente promissores entre eles, por
exemplo, é o estudo de fase | de Avigan et al. onde DCs geradas a partir de mondcitos in vitro
e celulas tumorais autdlogas obtidas de pacientes com cancer renal e de mama metastatico
foram fundidos. Essas DCs hibridas foram inoculadas em 23 pacientes, descobrindo que em 5
pacientes com cancer de mama e 5 com cancer renal a doenca se estabilizou, e em 2 pacientes
com esses canceres, a doenca regrediu quase totalmente, reduzindo suas massas tumorais. Além

disso, na maioria dos pacientes, foi encontrada uma grande quantidade de células T CD4 + e
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CD8 + que expressam IFN-y(120). Em outro estudo de fase I/1l, DCs geradas in vitro foram
fundidas com células de pacientes com gliobastoma, as DCs hibridas obtidas foram inoculadas
intradermicamente na regido cervical em 32 pacientes, divididos em 2 grupos, sendo 0 grupo
"R" composto por pacientes com gliobastoma recorrente resistente a temozolomida (n = 10), e
0 grupo "N" de pacientes recém diagnosticados com glioblastoma (n = 22). Descobrindo que
a terapia foi bem tolerada em ambos os grupos de pacientes. As medias da sobrevivéncia livre
de progressao e a sobrevivéncia global para o grupo R foram de 10,3 e 18,0 meses, e do grupo
N foi de 18,3 e 30,5 meses, respectivamente. Isto evidéncia um aumento de ambas as
sobrevivéncias nos dois grupos, em relacdo ao tratamento convencional com
temozolomida(121), este aumento ainda mais evidente no grupo N quando o glioblastoma é
diagnosticado recentemente. Deve-se notar que o grupo "N" foi tratado imediatamente apos o
diagnostico. Além disso, foi demonstrado que as DCs hibridas do grupo R apresentaram
respostas imunes especificas contra antigenos associados a quimiorresisténcia (WT-1, gp-100

e MAGE-A3) altamente expressos em gliomas resistentes a temozolomida(122).

Assim, apesar de ndo haver um protocolo padrdo para a preparacdo de DCs de grau
clinico, todas as propostas vacinais apresentam um ponto comum bastante positivo que € sua
baixa toxicidade. Segundo a maioria dos relatos, os efeitos colaterais mais comuns em ensaios
clinicos foram eventos de grau 1 ou 2, incluindo febre, dor e inflamacdo no local da injecao

(123), possibilitando o uso seguro em diferentes tipos de cancer.

1. Cancer de prostata
O cancer de préstata é o segundo cancer mais prevalente em homens, excluindo o cancer
de pele ndo-melanoma, com uma incidéncia estimada de 65.840 casos em 2020 no Brasil (124).
Para o diagnostico, sdo utilizados o antigeno prostatico especifico (PSA) e a fosfatase acida

prostatica (PAP), ambos quase exclusivamente expressos nas células epiteliais da prostata e
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aumentados nos tecidos do cancer, portanto, ambos representam os marcadores séricos mais
utilizados para o diagnostico e monitoramento do cancer de préstata (125). A maioria dos
pacientes € diagnosticada quando o tumor ainda é delimitado pelo 6rgao, de modo que a
prostatectomia radical, a radioterapia e a quimioterapia sao modalidades eficazes de tratamento
para esses casos (126). Embora a maior parte dos pacientes seja tratada com sucesso com
prostatectomia radical ou quimioterapia, quase 30% dos pacientes apresentam recidiva (127),
motivando a busca por vacinas terapéuticas. Uma das primeiras tentativas de imunizacdo
antitumoral foi baseada na afinidade dos peptideos PSA ao HLA-A2 (128). Ao combinar varios
peptideos PSA conhecidos e obtidos de amostras de pacientes, ligadas por um oligopeptideo,
foi demonstrada a possibilidade de inducdo simultanea de células T citotoxicas especificas para
diferentes epitopos, embora dependendo do painel HLA do paciente para sua eficacia (129).
Os primeiros resultados das vacinas autélogas DC foram esperangosos, uma vez que foi

observada a diminuicdo nos niveis séricos de PSA sem a ocorréncia de efeitos colaterais(130).

Anos depois, em 2010, o FDA aprovaria a primeira vacina terapéutica baseada em DCs,
o Sipuleucel-T, apds 4 anos de estudos clinicos. Esta vacina é composta por DC aut6logas
originados a partir de mondcitos obtidos por leucoférese e sensibilizadas com uma proteina de
fusdo recombinante de GM-CSF e PAP. Nas duas primeiras fases dos estudos clinicos
envolvendo 31 pacientes com cancer de préstata metastatico, ndo foram relatados efeitos
colaterais, e também foi encontrada uma diminuicao nos niveis séricos de PSA (131). Depois,
no ensaio clinico randomizado de fase Ill, 127 pacientes com céancer de prdstata metastatico
foram avaliados, constatando que apds 36 meses de tratamento 34% dos pacientes estavam
vivos, em comparagdo com 11% no grupo controle, que apresentaram sobrevida média de 4,5
meses. A contagem média de linfécitos T foi oito vezes maior nos pacientes tratados que nos
controles (132). Esses resultados foram tdo bem recebidos que seu uso como terapia em

conjunto com outros quimioterapicos de primeira linha (133, 134) (NCT01981122) e
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radioterapia (135) (NCT01818986) também tiveram resultados notaveis. A maioria de estudos
clinicos atuais trabalham na mesma linha, sempre usando vacinas baseadas em DCs em
associagdo com outros medicamentos antineoplasicos, incluindo imunoterapicos como
Nivolumab ou Pembrolizumabe (bloqueadores PD-1) (NCT03525652, NCT03600350,

NCT04090528) (136).

2. Céncer de mama

O cancer de mama representa aproximadamente 25% de todos os canceres no mundo
(137). Estima-se para 2020 cerca de 66.280 casos de cancer de mama apenas no Brasil. Além
disso, o risco de ocorréncia dessa doenca nas mulheres € estimado entre 10% e 12,8% (124).
Os marcadores prognosticos mais comumente usados para o diagndstico desta doenga sdo 0s
receptores hormonais de estrogénio (ER), progesterona (PR) e receptor 2 do fator de
crescimento epidérmico humano (HER2), que geralmente sdo expressos na superficie das
células de cancer de mama (138, 139). Nos ultimos anos, a mucina 1 (MUC1) foi adicionada
ao painel de marcadores, pois € superexpressa em pacientes com prognostico ruim (140). Os
principais métodos utilizados na terapia contra o cancer de mama sao cirurgia, radioterapia,
quimioterapia e terapia hormonal (141). A vacina DC mais amplamente utilizada contra o
cancer de mama foi a Lapuleucel-T, na qual o se utiliza um principio semelhante ao peptideo
Sipuleucel-T, recombinando-se HER2 ao adjuvante GM-CSF. Observou-se que os 18 pacientes
toleraram muito bem a terapia, sem apresentar efeitos adversos e sem aumentar a contagem de
linfécitos T (142). No entanto, uma das desvantagens desta vacina € que sua eficacia depende
da expressdao de HER2 ou MUC-1 nos tecidos cancerigenos dos pacientes (143). Portanto, em
pacientes cujo tumor tem baixa expressdo desses marcadores, foi proposto o uso de DC
sensibilizadas in vitro com lisados de tumor autélogo, resultando em alta producdo de CTL
especificos e produgdo de IFN-y in vitro (144), bem como proliferacdo de células T CD4 + e

CD8 + (145). Atualmente, os ensaios clinicos usam vacinas de DC pulsadas com peptideo
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HER-2, além da quimioterapia neoadjuvante (NCT03387553, NCT02063724, NCT02061423)
e novas abordagens, como 0 uso de neoantigenos (peptideos sintéticos formados a partir de

biopsias de pacientes) para pulsar DC autologas (NCT04105582).

3. Céncer colorretal

As estatisticas mais recentes indicam que o cancer colorretal (CCR) é o terceiro cancer
mais comum no mundo (137) e afetara mais de 40.990 pessoas até o final de 2020 no Brasil
(124). Uma terapia convencional para pacientes com CCR é baseada na colectomia total ou
parcial, geralmente seguida de quimioterapia neoadjuvante ou adjuvante (146). Embora 80%
dos pacientes com CCR submetidos a cirurgia juntamente com quimioterapia tenham uma
resposta majoritariamente favoravel (147), um estudo recente mostra que 50% dos casos de
CCR tratados com cirurgia e quimioterapia apresentam recidiva tumoral (148). Sob essa
premissa, foi avaliado o uso da imunoterapia como tratamento complementar no combate a
esta doenca. Na década passada, houve relativamente poucos estudos de vacinas contra DC

aplicadas ao CRC em comparagdo com outros tipos de cancer.

Os trés maiores estudos concluidos foram estudos randomizados de fase 11, realizados
em pacientes com cancer colorretal que foram submetidos a resseccéo cirtrgica de metéstases,
seguida de vacinagdo com DC. Em ordem cronoldgica o primeiro envolveu dez pacientes com
CCR e metastases hepaticas e vacinacdo por via intradérmica e intravenosa com trés doses de
DCs pulsadas in vitro com peptideo CEA (antigeno carcinoembrionario), antes da ressec¢do
das metastases hepaticas. Biopsias hepaticas de sete dos 10 pacientes, revelaram nimero
elevado de células T especificas para CEA com producdo de grandes quantidades de IFN-y.
Outro achado interessante foi a presenca de células T CEA-especificas em linfonodos proximos
as metastases hepaticas em um paciente, mas ndo no sangue periférico (149). No segundo

estudo, 26 pacientes com metastases hepaticas provenientes da CCR, receberam vacinas DC
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aleatoriamente e previamente ativadas pelo ligante de CD40 soltvel (CD40L), com seguimento
de cinco anos. O CD40L ao ligar as CD40 na superficie das DCs, estimula a producéo de IL-
12, ativando as células T em direcdo ao perfil Th1 (150). A analise in vitro mostrou que, embora
a adicdo de CD40L ndo aumentasse a expressao de MHC I ou Il em DC, aumentou a expressao
de CD86. Infelizmente, esses achados ndo foram suficientes para melhorar a resposta imune
do paciente ou a sobrevida livre de recorréncia (RFS), que foi de 58% no primeiro ano e 38%
em 5 anos. Trinta e trés por cento dos pacientes tratados apresentaram uma resposta favoravel
contra o tumor, uma semana apds a vacinacdo, com niveis aumentados de IFN-y, e esses
mesmos pacientes apresentaram maior tempo livre de recorréncia (63%) em 5 anos do que
aqueles com niveis de IFN-y baixo (18%). Infelizmente esses achados ndo foram

significativamente melhores do que os observados no grupo controle (151).

No terceiro estudo, dois tipos de tratamento foram utilizados, o primeiro usando DCs
tratadas ex vivo com um vetor viral que codifica CEA ¢ MUC1 denominado “PANVAC”
(DC/PANVAC) e o segundo injetado diretamente PANVAC junto com GM-CSF (PANVAC-
P), em 76 pacientes com CCR metastatico. Os resultados mostram que a RFS foi semelhante
entre os dois grupos (47% DC/PANVAC vs 55% PANVAC-P), com um aumento na sobrevida
global em 2 anos no grupo vacinado com DCs que foi de 94% (DC / PANVAC) vs. 87%
(PANVAC-P). Finalmente, a resposta especifica das células T contra o CEA foi semelhante
nos dois grupos (152). Os resultados indicam que os melhores resultados sdo alcangados com
0 uso de DC como terapia pds-operat6ria complementar. Visto que os tumores sdo diferentes
em cada paciente, 0 uso de lisados obtidos a partir de biopsias tumorais como fonte dos
antigenos tumorais Unicos desses pacientes aumentaria sua eficiéncia (NCT02919644,

NCTO04147078).
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4. Outros tipos de cancer

Atualmente o uso clinico de vacinas baseadas em DCs tem sido testado em todos 0s
tipos de cancer em diferentes estagios (153, 154), entre estes, um que apresentou resultados

promissores foi 0 melanoma.

No estudo de fase Il de Boudewijns et al. (155) foram incluidos pacientes com
melanoma em estagio Il (n = 22) e IV (n = 32). Eles receberam 3 doses de vacinas DC
transfectadas com mRNA de gp100 e tirosinase (antigenos tumorais altamente expressos em
melanoma(156)) tratados com ou sem cisplatina. Os resultados foram variados, por um lado,
as DC transfectadas em combinacdo com cisplatina funcionaram melhor, produzindo um
aumento nas células TCD8+ em pacientes na fase IV em comparacdo com a monoterapia com
DC (59% vs 40%, respectivamente), mas naqueles em fase Ill, ndo foi observada nenhuma
diferenca significativa entre os tratamentos. No entanto, ndo foram observados efeitos adversos
relacionados ao uso de vacinas DC. Em outro estudo em andamento randomizado com placebo
de fase b, foram incluidos 144 pacientes com melanoma de alto risco em estagios Il e IV. Os
pacientes foram tratados com DCs pré-sensibilizadas com lisado de tumor autélogo por 18
meses. Os resultados preliminares mostraram que, em compara¢do com o placebo, o uso de
DCs sensibilizadas resultou em uma melhora estatisticamente significativa na sobrevida livre
da doenca (51,8% vs 27,1%) e sobrevida geral (92,9% vs 70,3%). Os pacientes no estagio 1V
mostraram um aumento na sobrevida livre de 49,7% em comparacdo com 29,4% do controle
placebo, e os pacientes no estagio 111 mostraram um aumento de 68,6% em comparag¢do com
9,4%, do placebo. Além disso, o tratamento foi bem tolerado pelos pacientes, apenas 34,7%

dos pacientes relataram reacdes adversas leves relacionadas a vacinagdo (NCT02301611).

Resultados semelhantes foram observados no tratamento do glioblastoma, que é um dos

canceres com maior indice de complicacdes em cirurgia(157), portanto, o uso de vacinas de
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DC e uma das alternativas a se considerar para o tratamento dessa doenca. No estudo de fase
Il randomizado e com placebo de Wen et al., 124 pacientes com glioblastoma recém-
diagnosticado foram contatados. Estes foram divididos em 2 grupos, o primeiro (n=81) tratado
com DCs sensibilizadas com antigenos tumorais expressos em glioblastoma (AIM2, MAGEL,
TRP-2, HER2, IL-13Ra2 e gpl00) e o segundo (n=43) foi o grupo controle tratado com
placebo. As doses foram 4 vezes por semana durante 12 meses. Resultando em aumento da
sobrevida global mediana e sobrevida livre de progressdo em 2 meses e 2,2 meses em
comparacdo com o placebo, respectivamente. Além disso, nenhum efeito adverso foi observado

em nenhum grupo(158).

Como aterapia convencional do glioblastoma consiste na ressec¢do do tumor (em casos
possiveis) seguida de radioterapia e temozolomida, ela tem uma baixa sobrevida global média
de cerca de 15 meses(159). Devido a esse problema, Inogés et al. propds a adi¢do de vacinas
DCs a terapia convencional de glioblastoma. Em seu estudo de fase Il foram usadas DCs
sensibilizadas com lisado de tumor autélogo, seguido por terapia convencional contra
glioblastoma multiforme em 32 pacientes recém-diagnosticados cujo volume tumoral residual
apos a resseccdo fora baixo. A vacinacdo comecou antes da radioterapia e continuou durante o
tratamento com temozolomida. Os resultados foram interessantes, a mediana da sobrevida
global foi de 23,4 meses. Em comparagdo com a terapia convencional, melhorou a sobrevida
do paciente em quase 9 meses. Além disso, foi detectado aumento da proliferacdo de células

TCDB8+ e liberagéo de IFN-alfa e IL-12 apds a vacinagdo em 11 pacientes(160).

Outro dos problemas mais comuns no tratamento do cancer é a recidiva, e um dos
canceres mais associados a esta é a leucemia mieloide aguda (LMA)(161). Portanto, em um
estudo de fase I, o efeito das vacinas DC transfectadas com mRNA de WT1, um antigeno
superexpresso na LMA(162), foi investigado em 30 pacientes geriatricos com um risco muito
alto de recidiva. Resultando em uma resposta antileucémica (diminuig&o dos blastos no sangue
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periférico e estabilizacdo da medula 6ssea vermelha) em 13 pacientes, e em 4 pacientes a
doenca estabilizou-se. A taxa de sobrevida global foi maior nos 13 pacientes que responderam
em comparacdo com o0s que ndo responderam (53,8% vs. 25,0%). Para demonstrar uma
correlacdo entre a resposta clinica e a estimulacdo imune causada pela vacinacdo com DC, foi
avaliada a frequéncia de celulas T citotoxicas e a producdo de citocinas. Encontrando um
aumento na proliferacdo de linfocitos TCD8 + especificos para WT1 e um aumento na
producdo de IFN-y e TNF-a em todos os pacientes, que foi maior nos em pacientes que
responderam positivamente ao tratamento. Além disso, nenhuma toxicidade relacionada a

vacina foi observada(163).

WT1 também esta superexpresso na leucemia linféide aguda (LLA)(164), portanto,
seus peptideos foram usados para sensibilizar DCs no tratamento de LLA em pacientes
pediatricos. Como foi no caso clinico relatado por de Saito et al. onde foram analisadas as
respostas de uma menina de 15 anos submetida a 14 vacinas de DCs alogénicas (o doador era
sua irmd@ com HLA compativel) sensibilizada com o antigeno WT1 além do transplante de
células-tronco hematopoiéticas. A partir da sétima vacinagdo, foram detectadas células TCD8+
especificas contra WT1 e sua proliferagdo foi aumentada de acordo com as vacinagdes
subsequentes. Além disso, uma remissao de blastos no sangue periférico foi observada apés a
quarta dose de vacinacéo, que durou 44 meses. Por fim, ndo foram observadas rea¢des adversas
de nenhum tipo no paciente, demonstrando mais uma vez a pouca ou quase nenhuma toxicidade

das vacinas baseadas em DCs(165).

I11. Concluséo
Os dados da literatura nos permitem concluir que as vacinas antitumorais baseadas em

DC sdo seguras, sendo sua producao factivel em muitos centros médicos. Comparada a outros
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protocolos mais invasivos que envolvem efeitos colaterais graves, o uso de DCs como vacinas
terapéuticas raramente produz eventos adversos quando combinada com outras terapias. Esse
recurso permite que essas vacinas terapéuticas sejam usadas como terapia complementar em
pacientes com cancer de dificil remocgéo ou para a profilaxia de recidivas. No entanto, apesar
de sua eficacia comprovada e resultados promissores, 0 uso clinico dessas vacinas ndo é
definitivo. Principalmente devido ao grande nimero de protocolos existentes atualmente, o que
dificulta sua escolha e sua padronizacdo. Portanto, encontrar novas maneiras de aumentar a
imunogenicidade das fontes de antigenos tumorais e novas terapias combinatdrias com as DCs
continuam a ser um desafio para tornar mais eficiente e factivel a aplicacdo clinica dessas

vacinas.
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CAPITULO 11

O bloqueio da autofagia induzida por drogas aumenta a
imunogenicidade das células de cancer colorretal (trabalho
original)
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Lista de abreviaturas

5-FU 5-Fluorouracil

CCR Cancer colorretal

CD69 Cluster of differentiation 69

CQ Cloroquina

HCQ Hidroxicloroquina

CTL Células T citotoxicas

DC Célula dendritica

GM-CSF Granulocyte and macrophage-Colony Stimulating Factor
IFN-y Interferon-gamma

IL-10 Interleucina 10

IL-4 Interleucina 4

MLR Reac¢do mista leucocitaria

NTC Concentracdo nao toxica

PD-1 Programmed cell death protein 1
WT Wild type
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Resumo

O céncer colorretal (CCR) é o terceiro tipo mais frequente de tumores no Brasil e no
mundo e, embora haja esquemas quimioterapicos bem definidos, observam-se muitos casos de
recidivas e metéastases. Um dos mecanismos de escape tumoral € a autofagia, que pode
contribuir para o desenvolvimento de quimiorresisténcia. Portanto, a associacdo de drogas
inibidoras de autofagia, com os quimioterapicos convencionais, pode contribuir para aumentar
a eficiéncia dos agentes antineoplasicos. Observamos previamente que a exposicao de células
tumorais a baixas concentracdes de agentes antineoplasicos selecionados, além de estimular a
autofagia, aumenta sua imunogenicidade e sua capacidade de estimular a maturacéo das células
dendriticas (DC). Assim, no presente estudo testamos a hipOtese de que o bloqueio
farmacoldgico da autofagia com cloroquina (CQ), em combinagdo com baixas concentracdes
de 5-fluorouracil (5-FU), favorece a imunogenicidade das células tumorais. Nossos resultados
mostram que as DCs sensibilizadas com o lisado de células tumorais previamente expostas a
combinacdo de 5-FU e CQ aumentam seus marcadores de maturacao e ativacao (CD80, CD83,
CD86, HLA-DR). Essas DCs maturas também aumentaram a capacidade de induzir resposta
alogénica das células T CD4+ e CD8+, que manifestaram uma resposta proliferativa superior
de aquelas induzidas por DCs sensibilizadas com lisados sem tratamento prévio. Ademais, as
células T geradas nessas co-culturas apresentam aumento do marcador de ativacdo CDG69,
enquanto a expressdo de PD-1 é reduzida. Observamos também niveis mais altos de IFN-y e
reduzida producdo de IL-10, sendo consistente com uma ativacao preferencial das células Th1l.
A co-cultura de DCs e linfocitos autdlogos melhorou a geracdo de linfécitos T citotoxicos
(CTL), avaliada pela expressao de perforina e granzima B. Além disso, a analise molecular das
celulas tumorais expostas a combinagdo de 5-FU e CQ aumentou a expressdo de genes
relacionados a familia CEACAM (CEACAM1, CEACAMS5, CEACAM6 e CEACAMY)
autofagia (BECN1, ATGs, MAPLC3B, ULK1, SQSTML1) e supressores de tumor (PCBP1).

Ademais, houve diminuicdo da expressdo de genes relacionados a metéstase e progressdo do
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tumor (BNIP3, BNIP3L, FOSL2, HES1, LAMB, LOXL2, NDRG1, P4HAL, PIK3R2).
Concluimos, portanto, que a combinacao de uma baixa concentracdo de 5-FU e CQ aumenta a
capacidade imunogénica das células tumorais, favorecendo a sensibilizacdo e maturacéo de

DCs e aumentando sua capacidade de estimular a proliferacdo de linfécitos T.
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Abstract

Autophagy is an important mechanism for tumor escape, allowing tumor cells to
recover from the damage induced by chemotherapy, radiation therapy, immunotherapy and
contributing to the development of resistance. The pharmacological inhibition of autophagy
contributes to increase the efficacy of antineoplastic agents. The exposure of the tumor cells to
low concentrations of select autophagy-inducing antineoplastic agents increases their
immunogenicity and enhances their ability to stimulate dendritic cell (DC) maturation. We
tested whether the application of an autophagy-inhibiting agent, chloroquine (CQ), in
combination with low concentrations of 5-fluorouracil (5-FU) increases the ability of tumor
cells to induce DC maturation. DCs sensitized with the lysate of HCT-116 cells previously
exposed to such a combination enhanced the DC maturation/activation ability. These matured
DCs also increased the allogeneic responsiveness of both CD4+ and CD8+ T cells, which
showed a greater proliferative response than those from DCs sensitized with control lysates.
The T cells expanded in such cocultures were CD69+ and PD-1- and produced higher levels of
IFN-y and lower levels of IL-10, consistent with the preferential activation of Thl cells.
Cocultures of autologous DCs and lymphocytes improved the generation of cytotoxic T
lymphocytes, as assessed by the expression of CD107a, perforin, and granzyme B. The drug
combination increased the expression of genes related to the CEACAM family (BECNL,
ATGs, MAPLC3B, ULK1, SQSTM1) and tumor suppressors (PCBP1). Furthermore, the
decreased expression of genes related to metastasis and tumor progression (BNIP3, BNIP3L,
FOSL2, HES1, LAMB3, LOXL2, NDRG1, P4HAL, PIK3R2) was noted. The combination of
5-FU and CQ increases the ability of tumor cells to drive DC maturation and enhances the

ability of DCs to stimulate T cell responses.
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I.-Introducéo

De acordo com as estimativas mais recentes, no Brasil, o cancer colorretal (CCR)
afetara mais de 40.990 pessoas ao final de 2020, sendo o terceiro cancer mais frequente no pais
(1). Esta doenca pode ter origem hereditaria e esporédica. A forma "herdada" que surge com
sindromes transmitidas pelos pais, entre elas a principal associada é a sindrome de Lynch ou
também conhecida como cancer colorretal hereditario, ndo associado a pélipos. E uma
sindrome com padrdo de heranga autossémica dominante, caracterizada por instabilidade
microssatélites como resultado da falha do sistema de reparo de bases pouco compativeis,
devido a inativacdo de genes da familia MSH e MLH. Com a falha desse sistema, responsavel
por monitorar e corrigir os erros introduzidos nas sequéncias microssatélites pela DNA
polimerase, aumenta o risco de desenvolver varios tipos de cancer, principalmente o cancer
colorretal (2). Dessa maneira, células normais do coélon, com instabilidade genbémica,
desenvolvem adenomas tubulares que podem progredir para adenocarcinomas (3). E a forma
"esporadica”, que geralmente ndo tem histérico familiar e € a mais comum (incidéncia de 60%).
Principalmente atribuidos a presenca de variacdes genéticas estocasticas, juntamente com a
exposicdo de agentes carcinogénicos, entre eles, podemos citar a fumaca do cigarro, consumo
excessivo de carne vermelha, gorduras e alcool, que estimulam o aparecimento dessa doenca
(4). O dano a longo prazo, causado por esses agentes, gera um acumulo progressivo de
alteracBes genéticas e epigenéticas que ativam oncogenes e inativam genes supressores de
tumores. Isso estimula a transformacdo maligna das células normais de colon através de ciclos
de expanséo clonal que selecionam as células com comportamento mais agressivo e maligno.
Dessa maneira, as células normais do célon sdo transformadas em pélipos serrilhados e sua
progressao para o cancer colorretal leva entre 5 a 10 anos. As vias mais comumente alteradas

em ambas formas sdo MAPK quinase, Wnt/B-catenina e PIK3 (3, 5).
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A terapia convencional para pacientes com CCR é baseada em colectomia total ou
parcial, geralmente seguida de quimioterapia neoadjuvante ou adjuvante (tratamento pré- ou
poOs-operatorio, respectivamente)(6), com drogas como 5-Fluorouracil (5-FU), capecitabina
(Xeloda), irinotecan (Camptosar), oxaliplatina (Eloxatin), trifluridina e tipiracil (Lonsurf)(7).
O sucesso da quimioterapia é frequentemente complicado por metéstases e doengas recorrentes
associadas ao desenvolvimento de resisténcia a quimioterapia (8, 9). Um dos mecanismos
responsaveis pela quimioresisténcia é a autofagia, um processo seletivo de degradagéo celular,
no qual proteinas e organelas citosolicas sdo sequestradas em autofagosomos de membrana
dupla, que se fundem com o lisossomo para reciclar macromoléculas (10-12). Este é um
processo que, em niveis basais, estdo presentes em todas as células do corpo(10). Este processo
é necessario para a manutencao da homeostase celular e geracdo de aminoacidos para periodos
prolongados de privacdo de nutrientes, sendo essa condicdo o gatilho mais tipico de
autofagia(13). Outros tipos de estresse, como estresse gendmico, estresse do reticulo
endoplasmatico, infec¢des intracelulares e exposicdo a drogas, também podem desencadear a
autofagia(12-15). As células tumorais, devido ao seu metabolismo acelerado, tem uma
capacidade autofagica aumentada, utilizando-a como mecanismo de escape das condi¢oes
adversas causadas pelo uso de agentes antineoplasicos ou mesmo dos mecanismos

imunoldgicos de defesa.

O papel da autofagia na carcinogénese é polémico, havendo tanto evidéncias da inibi¢éo
da transformacéo tumoral, quanto da promocéo e adaptacdo das células tumorais(16). Assim,
nos estagios iniciais do cancer, a autofagia parece ter papel protetor, regulando genes e
moléculas importantes no desenvolvimento do cancer. Por exemplo, a alta producdo de
espécies reativas de oxigeno (ROS) provoca deaminacdo de bases de DNA, acelerando a
mutagénese, aumentando a ativacdo de oncogenes e estimulando a carcinogénese. As

mitocdndrias sdo consideradas a principal fonte de ROS intracelular, e a producdo de ROS
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aumenta a medida que essas organelas envelhecem ou sdo expostas a dano externo. Nesse
contexto, a autofagia ajuda a evitar danos pela degradacao seletiva de mitocondrias defeituosas
(mitofagia), suprimindo a carcinogénese (17, 18). Além disso, ha evidéncias de que o
silenciamento de genes relacionados aos estagios iniciais da autofagia estimula a progressao

do tumor, por exemplo: BECN1(19).

Em oposicdo ao exposto existe evidéncias de que a autofagia é promotora da
carcinogénese, baseadas principalmente no fato de que diferentes genes associados a esse
processo estdo também altamente expressos em tumores, como é o caso do oncogene Ras, uma
proteina globular monomeérica (GDP-Ras) encontrada na membrana de células humanas. Uma
vez ativada (GTP-Ras), estimula diversos efetores que acionam uma matriz de redes de
sinalizacdo celular, incluindo a via de autofagia da AMPK(20). MutacGes ativadoras de Ras
séo encontradas em 10-30% de todos os canceres humanos (21, 22). Outro gene relacionado a
autofagia € o ULK1 (um dos trés principais genes necessarios para a formacao de fagéforo).
Niveis aumentados de ULK1 significam niveis mais altos de autofagia e consequente
facilitacdo do crescimento de células tumorais. Altos niveis de ULK1 estdo associados a
quimioresisténcia (23, 24), sendo plausivel pensar que as células tumorais utilizariam a
autofagia como mecanismo de correcdo dos danos provocados pela exposicdo a

quimioterapicos, conseguindo, desse modo, desenvolver resisténcia aos agentes antitumorais.

Em estudos prévios, observamos que agentes antineoplasicos selecionados em baixas
concentragdes modulam as vias de sinalizagdo e produzem citocinas como IL-12, IL-10, IL-4
e TNF-a (25), sem induzir apoptose. O tratamento de células cancerigenas de linhagem
colorretal HCT-116 com uma concentracdo nao toxica de paclitaxel (droga comumente usada
contra 0 CCR) altera a expresséo de varios genes, especialmente os responsaveis pela sintese
de proteinas de choque térmico, componentes do mecanismo de processamento de antigenos

(componentes APM) e antigenos associados a tumores(26). O aumento da imunogenicidade
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das células tumorais induzidas pela exposicdo a drogas depende do inicio da morte celular
imunogénica, com aumento da expressdo de sinais de perigo (DAMP), como calreticulina,
proteinas de choque térmico, ATP e high mobility group box 1 (HMGB -1) (27-30).
Consistentemente, também observamos que a exposic¢ao das HCT-116 a uma concentracdo nao
toxica de paclitaxel ou doxorrubicina causa alteracBes transcricionais de Varios genes
associados a expressdo de antigenos tumorais(31). Além disso, células dendriticas (DCs)
sensibilizadas com o lisado de células tumorais previamente tratadas com baixas concentra¢des
de paclitaxel induziram células T citotdxicas (CTLs) com maior potencial litico do que as DCs
sensibilizadas com células tumorais ndo tratadas(25). Mais recentemente, alguns grupos
propuseram a associacdo de agentes antineoplasicos com bloqueadores de autofagia como uma
abordagem terapéutica para o tratamento de pacientes com cancer(32-34). Um desses
quimioterapicos é o 5-fluororacil (5-FU), comumente utilizado no tratamento contra o CCR
(7). Descoberto por Charles Heidelberger em 1957(35), atua inibindo a timidilato-sintase, e
desse modo, blogueia a reacdo de metilacdo de &cido desoxiuridilico impedindo a converséo
em acido timidilico, promovendo assim o desequilibrio metab6lico que resulta na morte da
célula tumoral alvo por apoptose(35). Além disso, devido a seu estimulo apoptético é

conhecido também por estimular a autofagia tanto em modelos in vitro como in vivo (36, 37).

A exposicdo das células tumorais aos farmacos antimalaricos cloroquina,
hidroxicloroquina ou mefloquina (quinolonas) reduz a autofagia e aumenta a suscetibilidade
das células a quimioterapia (38). As quinolonas e seus derivados sdo uma familia de
antibidticos de amplo espectro, isolados a partir de fontes naturais e podem atuar como agentes
antimicrobianos naturais(39). Quando utilizados no tratamento da malaria, devido a sua
natureza alcalina, funcionam como uma base fraca que se difunde passivamente nos
lisossomos, onde sdo protonadas e impedidas de deixar essa vesicula. Aumenta o pH do

lisossomo, interrompendo suas fungbes e impedindo o processo autofagico (40, 41). A
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associacao de CQ com drogas antineoplésicas melhora a resposta em pacientes com cancer de
mama (42), rim(43) e pulmao(44), com um efeito sinérgico na ativagdo do mTOR (alvo de
rapamicina em mamiferos), inibindo a autofagia e aumentando a morte das células tumorais

(45).

N&o ha estudos disponiveis sobre a inducdo de autofagia em células tumorais ao usar
doses baixas de quimioterapicos. Pouco se sabe sobre o efeito do fenémeno na
imunogenicidade das células tumorais. N&o existem relatos na literatura sobre os efeitos da
associacdo de CQ com outros farmacos sobre as funcdes de células imunocompetentes, como

linfocitos ou células dendriticas.

As células dendriticas (DC) sdo células apresentadoras de antigenos profissionais, que
realizam constante reconhecimento do microambiente em que se encontram, apresentando uma
grande capacidade de endocitar ou fagocitar antigenos, processando-os em peptideos (46). No
nosso corpo, encontram-se dois grandes subconjuntos de DCs: as DCs plasmocitéides (pDCs)
e as DCs mieldides (mMDCs). As primeiras se caracterizam por expressar CD4+, HLA-DR+,
CD123+, Toll-like receptor (TLR) 7, TLR9 e sdo CD11c+ e, CD14-(47). Durante infec¢Oes
produzem altas quantidades de IFN-1 (IFN-a ¢ IFN-p), favorecendo a resisténcia antiviral(48).
As DCs mieldides (também conhecidos como DCs convencionais ou DCs cléssicas) estdo
subdivididas em mDC-1, que é um grande estimulador de células T e 0 mDC-2 menos comum
que ajuda a combater infec¢es(48). As mDCs secretam a interleucina (IL)-12 e exibem os
marcadores CD1c+, CD11c+, HLA-DR+, CD80+, CD83+ e CD86+ e 0s receptores TLR 2 e

TLR 4 (46, 48).

Devido ao papel central das DCs na apresentagéo e inducdo de imunidade antitumoral
(49) sustenta-se a proposta de uso dessas células como vacinas terapéuticas antitumorais (50).
As DCs podem ser sensibilizadas com diferentes fontes de antigenos, desde lisados de células

tumorais obtidos por sonicac¢do(51, 52), ou ciclos de congelamento e descongelamento(53, 54),
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até a geracdo de hibridos celulares por fusdo de DC e células tumorais(55, 56). Seja qual for o
método de preparacdo, o principal objetivo destas vacinas é gerar uma resposta de células T
CDA4+ e TCD8+ especifica no paciente com cancer, para conseguir combater a progressao do

tumor.

Os lisados de células tumorais sdo fontes de uma ampla variedade de antigenos que
podem-se associar as moléculas de MHC de classe I/11 para induzir uma resposta imunoldgica
mais ampla (57). E importante destacar que durante a realizacdo dos protocolos de vacina, seja
0 método de obtencdo do lisado, como tratamentos prévios (farmacos ou quimioterapicos), ou
0 uso de adjuvantes (KLH), pode afetar a imunogenicidade do lisado e a eficiéncia das DCs na
terapia antitumoral (51, 52, 58). Esta eficécia varia entre cada paciente e, existem relatos com
resultados muito promissores, como no caso do uso de vacinas de DCs no tratamento de
melanoma (59), cancer renal (60), cancer de mama (61) ou céncer de ovario (62).
Lamentavelmente, em estudos do CCR, as vacinas baseadas em DCs tiveram um impacto
relativamente pequeno (63), principalmente devido ao fato de que a maioria dos pacientes
apresentam doenca avancada. Além disso, a imunoterapia ndo demonstrou ser uma modalidade
eficaz nesse cenario de doenca devido ao tempo necessario para gerar uma resposta
imunoldgica (64-66). O sistema imunoldgico desses pacientes poderia estar esgotado, devido
aos agentes antineoplasicos recebidos antes da inscricdo nos estudos de vacina. E por altimo,
existem relatorios de mudancas produzidas pelas vacinas aumentando os niveis de TNF-a, IFN-
vy e IL-2 (citocinas inibitorias), que refletem a polarizacdo em relacdo as respostas Thl que sdo

direcionadas contra as células de CCR (67).

Portanto, no presente estudo, hipotetizamos que a aplicacdo de CQ com baixas
concentragdes de 5-fluorouracil (5-FU) poderia bloquear a autofagia em células colorretais

HCT-116, preservando assim 0s antigenos tumorais, aumentando a imunogenicidade dessas
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celulas. Além disso, o lisado originado dessas células poderia promover a maturacéo das DCs,

aumentando sua capacidade de induzir proliferacdo de linfocitos T citotdxicos.

I1.-Delineamento Experimental

A. Cultura e exposigao de células HCT-116 a CQ e 5-FU
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D. Geracao de linfécitos T citotoxicos e ensaio de citotoxicidade antitumoral (CTL)
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I111.- Materiais e Métodos

1.- Cultura de células

Células tumorais da linhagem HCT-116 (carcinoma colorretal humano) foram
autenticadas pelo DNA STR usando o GenePrint 10 commercial system (Promega, Madison,
WI, EUA) pelo grupo de Pesquisa em Carcinogénese Viral e Biologia do Cancer do Instituto
de Biotecnologia (IBTEC) da Universidade Estadual de S&o Paulo (UNESP). Confirmado a
auséncia de micoplasma e cultivadas em meio RPMI-1640 (Gibco) suplementado com 10% de
soro fetal bovino (SFB) (Gibco), 1% de piruvato de sodio, 1% de aminoacidos ndo essenciais
e 25uM HEPES (Sigma), 1% de antibidticos e antimicéticos (Life Technologies) (meio
completo) a 37°C e sob tenséo de 5% de COg, até completarem a monocamada. As células
foram entdo soltas da superficie das garrafas de cultura utilizando-se solucdo de tripsina-EDTA

(Gibco) e lavadas com meio de cultura completo para uso nos ensaios propostos.

2.- Determinacéo das concentracdes de trabalho de cloroquina e 5-fluororacil

As células tumorais foram ajustadas a concentracdes de 10* e cultivadas por 24 horas
em placas de 96 pocos de fundo chato. Como ja foi demonstrado por Park, a cloroguina (CQ)
inicia seu efeito bloqueador perder da sobrevivéncia celular em concentracdes acima de 80
uM(68). Sendo assim, nos fizemos os testes com concentragdes: 80, 100, 150 ou 200 uM de
cloroquina e, depois de 18 h, os sobrenadantes de todos o0s pocos foram substituidos por 100l
da solucdo de brometo de difeniltetrazélio (MTT) a 1mg/mL em meio de cultura completo.
Apls duas horas, o sobrenadante foi novamente removido e adicionado 100ul de
dimetilsulfoxido (DMSO) em cada poco para dissolu¢do do MTT incorporado pelas células. A
avaliacdo de citotoxicidade dos tratamentos foi realizada a partir da capacidade de reducdo do
MTT em cristais de formazan pelas células viaveis, cuja densidade Otica foi medida por
espectrofotometria a 540nm. Foi estabelecida a concentragédo de 80uM para a CQ, e para

determinar a concentracdo efetiva minima do 5-fluororacil (5-FU) (EuroFarma, Brasil), as
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HCT-116 foram tratadas com as concentragdes de 0.06, 0.12, 0.25, 0.5,1, 2.5, 5, 10, 20, 50 ou
100 pM por 24 horas. Em seguida, foi repetido o procedimento do teste de MTT,
estabelecendo-se 20pM como a concentragdo efetiva minima, isto é a concentracdo capaz de

inibir a proliferagdo das células tumorais in vitro.
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Figura 1 - Determinacdo das concentracfes de trabalho de CQ e 5-FU. (A) As células
HCT-116 foram submetidas ao tratamento com CQ durante 18 horas, com as concentragdes
variando de 80uM a 200uM. Apods esse periodo, as células viaveis foram quantificadas por
coloracdo com MTT. (B). As células HCT-116 foram tratadas com 5-FU durante 24 horas, com
as concentracdes variando de 0,06uM a 100uM. Apds esse periodo, as células viaveis foram
quantificadas por coloracdo com MTT. Dados representativos de trés experimentos
independentes e expressos em D.O (a<b, p<0,05). Dados representativos de um ensaio
realizado em quintuplicata. *p<0,05 em relacdo ao controle negativo. Os experimentos
realizados para determinacdo das concentracdes de trabalho foram previamente realizadas em
monografia associada ao projeto para a obtencdo do titulo de Bacharel em Ciéncias Biomédicas
de Bianca Francisco Falasco(69).

3.- Tratamento das células tumorais com a combinacéo de drogas

Estabelecidas as condicdes de trabalho, preparou-se uma garrafa de cultura (75 cm2) de
HCT-116 até atingir 60% de confluéncia para cada tipo de tratamento (Tabela 1). CQ foi
adicionada a garrafa 6 h ap6s o cultivo, seguindo-se incubagéo por 18 h adicionais. Depois da
incubacdo, o meio de cultura foi removido e substituido por meio completo fresco.

Esperou-se 6 horas para estabilizacdo da cultura e subsequente adicdo de 5-FU,

seguindo-se exposicdo por 24 h. As células foram criopreservadas a -80°C para posterior
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obtencéo de lisados de células tumorais. As células do grupo controle WT n&o foram tratadas
e 0s grupos CQ e 5-FU foram tratados apenas com as concentragdes estabelecidas dessas

drogas isoladamente. Assim, foram constituidos 0s grupos descritos na Tabela 1.

Tabela 1 — Grupos de tratamento das HCT-116

DENOMINACAO TRATAMENTO
WT HCT-116 Controle (Wild Type)
CQ HCT-116 + Cloroquina (80uM)
5-FU HCT-116 + 5-FU (20uM)
5-FU+CQ HCT-116 + 5-FU (20uM) + CQ (80uM)

4.- Analise de morte celular por citometria de fluxo

Células HCT-116 ajustadas a 10° cel/ml, foram cultivadas em placas de 24 pocos,
seguindo-se tratamento com CQ, 5-FU ou a combinacéo das drogas conforme ao descrito no
item 3. Como controle positivo de morte, uma aliquota das células a 10° cel/mL foi mantida
em banho maria a 59°C por 20 min. As células foram destacadas por tripsinizacdo e
centrifugadas a 1200 rpm por 10 min e o “pellet” foi novamente lavado com PBS frio e
centrifugado a 10.000 rpm por 30 s. O sedimento celular foi ressuspenso em 100 mL de solucao
tampao de anexina e incubado com anexina V a temperatura ambiente e protegido da luz. Ap6s
a incubacdo, foram adicionados 200 pl do tampao de anexina. Finalmente, as células foram
coradas com 7-amino-actinomicina D (7AAD). A anexina V é uma proteina que na presenca
de ions calcio, se liga a fosfatidilserina (PS) externalizada nos estagios iniciais de apoptose ou
necrose, enquanto o 7AAD ¢ um intercalante de DNA que penetra nas células que perderam a
integridade da membrana plasmatica e, por tanto, marca células em apoptose tardia e/ou

necrose. As HCT-116 coradas foram analisadas por citometria de fluxo FACSCantoTM Il (BD
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Biosciences) com software FACSDiva (BD Biosciences). Os resultados foram analisados no

software FlowJo, versdo vX.10.7 (Tree Stars Inc.).

5.- Preparacao de lisado tumoral e quantificacéo de proteinas

As aliquotas criopreservadas foram descongeladas em banho maria a 37°C por 3 min,
e logo recongeladas em  nitrogénio  liqguido por 3 min (ciclo de
congelamento/descongelamento), processo repetido 5 vezes. Depois, as amostras foram
centrifugadas a 14000rpm por 15 min; e o sobrenadante recolhido, ao qual se adicionou inibidor
de protease (Halt™ Protease Inhibitor Cocktail Thermofisher) 70 pl IP/mL, seguindo-se
armazenamento a -80°C.

A quantificacdo de proteinas foi feita com uso do o Kit “BCA Protein assay”
Thermofisher©, e as amostras foram distribuidas em aliquotas de 100ug de proteina e

armazenadas a -80°C.

6.- Western blot

Todos os experimentos envolvendo a técnica de western blot foram realizados sob
supervisdo do prof. Dr. Rodrigo Portes Ureshino, do Departamento de Farmacologia da
EPM da Universidade Federal de S&o Paulo — UNFESP.

As culturas dos quatro grupos de tratamento (WT, CQ, 5-FU e 5-FU + CQ) foram
submetidas a lise celular empregando-se tampao de lise RIPA — glicina 1M, com os inibidores:
fluoreto de sédio (NaF), na proporcdo 1:50 e ortovanadato de sodio (NaOt), molibdato de sddio
(NaMo), inibidor de protease (IP) e fluoreto de fenilmetilsulfonil (PMSF), na proporcao 1:100.
As células tratadas mantidas em banho de gelo foram lavadas com PBS gelado e em seguida
foi adicionado 100uL do tampéo RIPA com os inibidores. O lisado foi retirado da placa com o
auxilio de cell scrapers e aliqguotado em microtubos de 1,5mL. Os microtubos foram mantidos

no gelo por 30 min, a cada 10 min no vortex, e em seguida centrifugados a 13.200rpm a 4°C
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por 10 min. Retirou-se o sobrenadante e a determinagdo da concentragdo de proteinas foi feita
pelo método de Bradford, com leitura em espectrofotdbmetro no comprimento de onda 595nM.
Ap0s a determinacédo da concentragdo proteica, 40ug de proteinas de cada um dos grupos foram
diluidas em tampdo de amostra para corrida de gel, de poliacrilamida. As amostras foram
submetidas a corrida eletroforetica a 95°c por 10 min. As proteinas separadas no gel foram
transferidas para a membrana de difluoreto de polivinilideno (PVDF). A ligacdo inespecifica
de proteinas foi bloqueada através da incubag¢do das membranas em leite desnhatado 5% em
tampdo PBS Tween por 1h a temperatura ambiente. As membranas foram subsequentemente
incubadas, “overnight”, com os anticorpos primarios antigeno-especificos: LC3 (#2775s Cell
signal) e o controle tubulina (#T8203 Sigma). Apos lavagem sob agitacdo por 30 min, as
membranas foram incubadas em anticorpo secundario especifico anti-rabbit (#A0545 Sigma)
para o LC3 e anti-mouse para a tubulina (#A9044 Sigma) diluido em PBS-Tween por 1h. As
membranas foram lavadas por 30 min e reveladas com componentes imunorreativos ECL

(enhanced chemiluminescent) e lidas em fotodocumentador UVITEC Cambridge.

7.- Analise Ultraestrutural das HCT-116 por Microscopia Eletrénica de
Transmisséo

A preparacdo das HCT-116 e andlise dos resultados relacionados a Microscopia
Eletrénica de Transmissdo foram realizados sob supervisdo da profa. Dra. Daniela Carvalho
dos Santos do Centro de Microscopia Eletrénica do Instituto de Biociéncias de Botucatu—

Universidade Estadual de Sado Paulo (UNESP).

Apbs tripsinizadas, cerca de 10° células permaneceram em cultura em placa de 6 pogos
“overnight” e receberam os tratamentos com 5-FU e CQ conforme o item 3. Apds a incubagéo,
as monocamadas de células foram tratadas com tripsina e as células lavadas por 10 min. a 1200
rpm a 20°C. As amostras foram fixadas em 1 mL de solucdo de Karnovsky, pos-fixadas em
tetroxido de ésmio a 1% em tampdo fosfato 0,1M, pH 7,3, incubadas em solugdo aquosa de

acetato de uranila 0,5%; desidratadas em série crescente de solucGes de acetona e incluidas em
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araldite. As secgdes ultrafinas (50nm) foram contrastadas com solucdo saturada de acetato de
uranila e citrato de chumbo e observadas ao microscépio eletrdnico de transmissdo Tecnai

Spirit da FEI Company, a 80kV.

8.- Geracdo in vitro de células dendriticas derivadas de mondécitos humanos

Amostras de 80ml de sangue foram obtidas por vendclise de 6 doadores voluntarios
saudaveis apds esclarecimentos sobre o estudo e assinatura do termo de consentimento livre e
esclarecido (TCLE), aprovado pelo comité de ética em pesquisa da Faculdade de Medicina de
Botucatu (Parecer N°2.258.145).

As células foram submetidas a centrifugacdo em gradiente de Ficoll-Hypaque™ PLUS
(GE Heathcare) por 30’ a 900xg. O anel de células mononucleares foi recolhido, lavado e
ressuspenso em PBS 5% de soro fetal bovino (SFB), para posterior centrifugacdo em gradiente
de Percoll™ (GE Heathcare) por 20’ a 800xg para enriquecimento da populagdo de mondcitos.
As células obtidas foram entdo cultivadas em placas de 6 pogcos em meio AIM-V, livre de SFB,
e deixadas em aderéncia por 90 min. As células ndo aderentes (consideradas como linfocitos
totais) foram removidas e criopreservadas para uso em ensaios posteriores. As aderentes (em
sua maioria mondcitos) foram cultivadas na presenca de 50ng/mL de IL-4 e GM-CSF
recombinantes humanos (Peprotech- USA), para diferenciacdo em DCs imaturas (iDCs). No 5°
dia, as iDCs foram contadas e cultivadas com o lisado de células HCT-116 submetidas aos
diferentes tratamentos, conforme a tabela 2, na proporc¢do de 100ug de lisado:10®iDCs. No 7°

dia as DC foram coletadas para realizacdo dos ensaios propostos.
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Tabela 2— Esquema de sensibilizacdo das iDC com lisados de células tumorais sob diferentes

tratamentos.
DENOMINACAO | TRATAMENTO DAS CELULAS TUMORAIS
DC CONTROLE Célula dendritica sem tratamento
DCWT Wild Type (Controle)
DC CQ Cloroquina (80uM)
DC 5-FU 5-FU (20pM)
DC 5-FU+CQ 5-FU (20uM)+ CQ (80uM)

9.- Fenotipagem de DCs

Cerca de 10° DCs foram colocadas em um tubo eppendorf, centrifugadas por 20 seg a
10000 rpm. Anticorpos fluoromarcados especificos para os marcadores de interesse foram
adicionados ao “pellet” em concentragdo pré-estabelecida, homogeneizados e 0s tubos
incubados por 20 min a 4° C, ao abrigo de luz. Depois da incubacéo, os tubos foram lavados
duas vezes com 200uL de solucgdo diluente (PBS, contendo 0,5% de BSA e 0,02% de azida
sodica). Apos as lavagens, as células foram ressuspendidas em 300uL de tampdo para
citometria e adquiridas no citbmetro FACS CantoTMII (BD Biosciences) com software
FACSDiva. Os resultados foram analisados no software FlowJo, versdo vX.10.7 (Tree Stars

Inc.).

As moléculas analisadas em DCs foram: CD11c (envolvida na adesdo do mondcito ao
endotélio e a proteinas da matriz extracelular), utilizada como marcador da populacéo de DCs,
CD86 e CD80 (moléculas de co-estimulagédo); HLA-DR (molécula do Complexo Principal de
Histocompatibilidade de classe 1) e CD83 (expressdao aumentada em DCs maduras). A

viabilidade celular foi avaliada com uso de 7AAD. Os fluorocromos utilizados em cada

69



anticorpo estdo detalhados na Tabela 3 e todos os anticorpos e respectivos controles isotipicos

foram adquiridos da BD (Becton e Dickinson).

Tabela 3— Painel de fenotipagem das DCs apds 48h de cultivo com lisado de células tumorais

submetidas a diferentes tratamentos. Todos os anticorpos foram adquiridos da BD Biosciences.

ANTICORPOS FLUOROCROMOS
CD11C APC (Aloficocianina)
HLA-DR PE (Ficoeritrina)
CD86 FITC (Isotiocianato de
fluoresceina)
CD80 APCH?7 (Aloficocianina 7)
CD83 PECy7 (Ficoeritrina-cianina 7)
7TAAD PerCP (Peridinina clorofila)

10.- Reagdo mista de leucdcitos (MLR)

A atividade funcional das DCs foi inicialmente avaliada pela capacidade de estimular a
proliferacdo de linfécitos T alogénicos normais. A reacdo mista de leucdcitos foi realizada
através do co-cultivo de DCs com linfdcitos alogénicos de 6 doadores saudaveis. Os linfdcitos
foram obtidos por centrifugacdo de sangue periférico em gradiente de Ficoll-Hypaque seguido
por centrifugacdo em gradiente de Percoll, conforme descrito no item IlI-5. O “pellet”
resultante, composto principalmente de linfocitos, foi lavado duas vezes com meio completo e
marcados com succinil éster de carboxifluoresceina (CSFE Lyfe Technologist). Essas células
foram ajustadas a 10° cel/ml e co-cultivadas com DCs alogénicos a 10°cel/ml (preparacio de
10:1) em placas de 96 wells de fundo em “U” por 5 dias a 37°C e sob tenséo constante de 5%

de CO..

Ao final desse tempo, as células foram recolhidas para anélise de proliferagdo por
citometria de fluxo baseada na diluicdo do CFSE nas células. Os linfécitos em expanséao
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foram analisados quanto a subpopulacdo (CD4/CD8) e expressdo de marcadores de
ativacao/inibigcéo (CD69 e PD-1, respectivamente) cujos fluorocromos estéo detalhados na

Tabela 4.

Tabela 4— Painel de avaliacéo da proliferacdo nos linfocitos T alogénicos co-cultivados com

DC previamente tratados com lisados. Todos os anticorpos utilizados foram adquiridos da BD

Biosciences.

ANTICORPOS FLUOROCROMOS
CD3 APC (Aloficocianina)
CD4 PE (Ficoeritrina)
CDs8 PerCP (Peridinina

clorofila)

CD69 APCH?7 (Aloficocianina 7)
PD-1 PE (Ficoeritrina)

11.- Quantificagdo de citocinas produzidas in vitro

Os sobrenadantes das reagdes mistas de leucdcitos foram recolhidos e criopreservados
para posterior quantificacdo de IFN-y e de IL-10, através da técnica de ELISA, seguindo as
recomendac0es de fabricante (Biolegend®). Brevemente, placas de 96 pogos de fundo plano
(Sigma-Aldrich), foram sensibilizadas com o anticorpo de captura de IFN-y ou IL-10, por
incubacdo overnight a 4°C. ApGs esse tempo, as placas foram lavadas com tampao de lavagem
(BioLegend ELISA Wash Buffer 1X) e incubadas por duas horas com o diluente de ensaio para
0 bloqueio dos sitios de ligacdo inespecifica. Apds quatro lavagens com tampao de lavagem
foram adicionadas 100ul das amostras de sobrenadante e as solu¢bes padrdo em diferentes
concentragdes (500 a 16pg/mL), seguindo-se incubacéo por duas horas a temperatura ambiente.

Os pocos foram novamente lavados com o tampao de lavagem por quatro vezes e em seguida,
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foi adicionado o anticorpo de detecgdo anti-IFN-y ou anti-IL-10, biotinilado, seguindo-se
incubacdo por uma hora a temperatura ambiente. Apos quatro lavagens para a remocao dos
anticorpos nédo ligados, adicionou-se aos pogos 100uL da solugdo de estreptoavidina-
peroxidasse diluido em diluente de ensaio, durante 30 min. Depois de cinco lavagens com
tampdo de lavagem, foi adicionada a solucdo de substrato tetrametillbenzidina (TMB), que
desenvolve cor azul ao ser degradada pela enzima peroxidasse. Ap6s 30 min, a reacdo foi
interrompida com uma solugéo de H2S04 2N. A leitura foi realizada em espectrofotdmetro a
450nm (Elisa reader com software Bio-Tek Gen 5). A concentracdo das citocinas das amostras

foi calculada com base na curva padrdo de cada reacdo e os dados expressos em pg/mL.

12.- Geracdo de linfocitos T citotoxicos e ensaio de citotoxicidade antitumoral
(CTL)

A capacidade de gerar células T citotoxicas a partir de DCs sensibilizadas foi avaliada
pelo ensaio de micro linfocitotoxicidade antitumoral. Para a geracdo de células T citotdxicas
autélogas especificas, as DCs pré-sensibilizadas foram co-cultivadas com suspensdo aut6loga
rica em linfocitos T em uma proporcido DC: linfocitos de 1:10 (10% 10°) em meio de cultura
completo suplementado com IL-7 (5 ng / ml), IL-2 (25 Ul / ml) e IL-15 (5ng/ml). A cultura foi
pulsada com um mix de citocina (IL-7, IL-2 e IL-15) a cada dois dias durante 14 dias. No dia
7, dois pocos aleatdrios, nos quais foram observados aumento da proliferacdo de linfocitos,
foram aspirados e as celulas contadas. Quando necessario, as células foram distribuidas em 2
ou mais pogos, para evitar sofrimento celular por superpopulacdo. No dia 14, os linfocitos

foram colhidos e avaliados quanto a atividade citotoxica contra células-alvo HCT-116.

O ensaio de citotoxicidade foi realizado colocando os linfocitos gerados in vitro na
monocamada alvo de HCT-116 (10*em 100ul) em diferentes proporgdes (15: 1, 7,5: 1 e 3,25:
1/ efetor: alvo). O anti-CD107a-APC foi adicionado a esta co-cultura e mantido por 5ha 37 °
C, sob 5% de CO2. Em seguida, as células foram colhidas e lavadas com PBS + BSA a 0,1%

e tratadas com o kit Cytofix/CytoPerm (BD Pharmingen). Finalmente, as células foram
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marcadas com anticorpos anti-perforina-Ale 488 e anti-granzima-PE e analisadas por

citometria de fluxo.

13.- Transcriptoma de células tumorais tratadas com 5-FU e CQ

Para investigar como o tratamento de células tumorais com a combinacgdo de CQ e 5-
FU altera a expressdo génica, realizamos a analise de transcri¢do dessas células. O RNA total
foi extraido das células sob diferentes tratamentos com 0 QIAGEN © "RNeasy Plus Micro
Kit". A quantificacdo foi realizada pelo "RNA HS Assay Kit" (INVITROGEN®). A
quantificacdo do RNA foi realizada pelo sistema QBIT® e, finalmente, a qualidade do RNA
foi analisada usando um chip ALIGENT® RNA 6000 no sistema Bioanalyzer 2100 . Apenas
as amostras com numero de integridade do RNA (RIN) maior que 8,0 (qualidade 6tima) foram

processadas.

Todas as indicacdes e etapas do " Sure Select Strand-Specific RNA Library Preparation
Kit" foram seguidas e as bibliotecas dSDNA de cada grupo de tratamento com 0s primers e
index foram analisadas na plataforma Illumina Miseq. Apos a obtencdo dos dados, as leituras
foram montadas com base nas sequéncias de transcricdo de cada gene de interesse usando o
programa CLC Genomics Workbench. O efeito dos tratamentos na expressao génica foi
avaliado comparando-se os fold-change das alteracdes genéticas das amostras com o controle

sem tratamento.

14.- Anélise estatistica

Os dados obtidos foram inicialmente analisados quanto a homogeneidade da variancia,
utilizando-se o teste de Bartlett. Os conjuntos de dados que passaram neste teste foram
submetidos ao teste de analise de variancia (ANOVA), seguida pelo teste de comparacdes
multiplas de Tukey. Os conjuntos de dados que ndo passaram pelo teste de Barlett foram
submetidos a analise de dados ndo parametrico de Kruskall-Wallis. As diferengas foram

consideradas significativas quando a probabilidade de erro foi menor ou igual a 5% (p<0,05).
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IV.- Resultados

1.- A combinacéo de cloroquina e 5-FU bloqueia a autofagia

A capacidade de blogueio da autofagia induzida nas células tumorais pela exposi¢do do
5-FU e CQ foi avaliada pela deteccdo do acumulo de LC3-l11 e SQSTM1. Observamos
expressdo aumentada de LC3-11 devido ao tratamento com CQ, enquanto sua combinagdo com
5-FU potencializou sua expressdo. E interessante notar que o tratamento apenas com 5-FU
induziu um ligeiro aumento da expressao de LC3-I1, indicando a indugédo de autofagia, como

confirmado pela menor intensidade do SQSTML1 nesse grupo (Figura 2).
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Figura 2 - O tratamento com CQ ou combinado com 5-FU induziu aumento de LC3-11
nas células HCT-116. As células foram tratadas com 80uM CQ durante a noite e, em seguida,
tratadas com a concentracdo efetiva minima de 5-FU (20uM) por 24h. As células foram lisadas
e as proteinas totais analisadas por western blot para LC3-11 (A) e p62 (B). GAPDH foi
utilizado como controle (C), para validacdo do ensaio (n=3).

2.- Alteracdes ultraestruturais induzidas em células HCT-116 por 5-FU e CQ

Para reforcar os resultados de indug&o e inibicdo de autofagia analisamos as células sob
diferentes tratamentos por microscopia eletrénica de transmissdo. As células tratadas com 5-
FU apresentam vaérias vesiculas de membrana dupla (autofagossomos) e vesiculas de

membrana Gnica com material degradado (autolissosomo) no citoplasma (Figura 3C), enquanto

74



as células de controle mostram um ndmero muito pequeno de autofagossomos com material
floculado e degradado, além de mitocdndrias e algumas cisternas de reticulo endoplasmatico
rugoso (Figura 3A). Quando o 5-FU foi associado a CQ, os autofagossomos parecem aumentar
em quantidade dentro do citoplasma das HCT116 e essas vesiculas exibem diferentes
contetidos fagocitados. Algumas vesiculas possuem material heterogéneo denso no interior e
outras mostram estruturas de mielina e material degradado mais claro, indicando que alguns
autofagossomos néo estdo envolvidos no processo de digestdo (autofagia bloqueada). Isso
mostrou claramente um acumulo de autofagossomos com organelas ndo digeridas,
demonstrando uma falha ou inibicdo da formac&o de autolissosomo (Figura 3D), coincidindo

com o que foi mostrado em estudos anteriores (70-73).

Figura 3 - Os tratamentos induziram alteragdes ultraestruturais nas células HCT-116. As
células tumorais HCT-116 foram tratadas ou ndo com 80uM de CQ overnight. Apds este
periodo foram tratadas ou ndo com 20um de 5-Fu. Decorridas 24 horas as células foram
tripsinizadas, fixadas com Karnovsky e preparadas para aquisi¢do de imagens em microscopia
eletrdnica de transmissdo. N = nlcleo; seta verde: autofagossomo; seta amarela: autofagossomo
com organelas ndo digeridas; seta ciana: autolissosomo (vesicula com material degradado).
Grupos: Controle (A), CQ (B), 5-FU (C), 5-FU + CQ (D) (n=3).
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3.- Ainibicao de autofagia potencializa a acao citotdxica de 5-FU

O mecanismo de acdo das fluoropirimidinas como o 5-FU ocorre a partir da inducao de
apoptose nas células tumorais. A inibicdo da autofagia pela CQ é capaz de potencializar a agao
citotoxica do 5-FU, visto que, o acimulo de autofagossomos no citoplasma, gerado pela

obstrucéo do processo, causa estresse oxidativo na célula levando-a a morte.

A contagem do numero de células HCT-116 viaveis ap0s exposicdo as drogas,
utilizando o teste de excluséo do azul de trypan, mostrou que tratamento apenas com CQ teve
um efeito discreto na diminuicao do crescimento celular enquanto o 5-FU reduziu o nimero de
células para aproximadamente 50% comparada com cultura controle. A combinacdo de 5-FU

e CQ inibiu fortemente o crescimento celular (Tabela 6).

Tabela 6- Contagem celular das HCT-116 pelo azul de trypan

CONTAGEM CELULAR (X 107)

TRATAMENTO | Ensaiol Ensaio2 Ensaio3 Ensaio4 Ensaio5 Meédias
CTRL 6.7 6.5 6.3 6.4 6.4 6.46
CQ 5.7 51 5.6 5.2 5.3 5.38
5-FU 3.0 3.4 3.5 3.1 3.3 3.26
5-FU+CQ 1.2 15 1.3 1.2 14 1.32

CTRL: Células ndo tratadas cultivadas em meio de cultura regular. Cada coluna refere-se
a um ensaio independente (cultivado em dias diferentes).

A analise de celulas apoptéticas em fase inicial (anexina V+), apoptéticas
tardias/necroticas (anexina V+ e 7AAD+), por citometria de fluxo mostrou que o tipo de morte
predominantemente induzida apos tratamento adotado foi a apoptose em fase inicial (anexina

V+).
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O 5-FU sozinho (Figura 4D) aumentou quatro vezes a marcacdo da anexina V em
comparagdo com o controle (Figura 4B), enquanto sua combinacdo com CQ aumentou a
apoptose precoce em dez vezes em compara¢do com 0 mesmo controle (Figura 4E), e cerca de

duas vezes em comparagdo com 5-FU sozinho.

10" 4 s ]
bl 10 SgaAs
HCT-116 F 1 Anexina R Ao b 1‘ N;e;'sf‘a LA
- o 3
914 210t o 124 Anex+TAAD > - ‘Anex+7AAD
' g 599 810 552
] 3 1
& 1
3 1
<10 3 5 10° 1
: 3 : 1
<
S, TAAD+ S .3
Sy 0.51 =10° 4
F A %4
g 1 E 411
ot 1 810
i
— 10° 0 1
v ™Y ™7 Y Y L} BB e T o R R e TR
0 50K 100K 150K 200K 260K w0 ' w0 w0 w0t 10® . JEC Y S b Y
FSC-A Comp-PerCP-A :: TAAD Comp-PerCP-A i TAAD
1
10 % VL\!X‘ Anexina
- 8 7| 124 i Y- Anex+7AAD
3 10° 2100 4 = o
£ & -
-3 »
2 g
10° 4 z 10° 1
< 7 <« 1
[4) S
E 10° 4 = 10°
a o
8o’ B
10 7 S+
10° 10°
™y ™7 ™7 ™y Ll ) gy | ™ e A4 (ki
1 2 1 4
100 10 w: w0 ot w0® w0’ 10 w02 10 10 10°
Comp-ParCP-A 1 TAAD Comp-PerCP-A :: TAAD

Figura 4 - A combinacéo de cloroquina e 5-FU induziu apoptose em células HCT-116.
As células tumorais HCT-116 foram tratadas ou ndo com CQ a 80 uM por 18 horas.
Posteriormente, foram tratados ou ndo com 5-FU a 20 uM. Apds 24 h, as células foram
tripsinizadas e coradas com anexina V e 7AAD para avaliar apoptose e necrose. (A)
Pseudocolor mostrando tamanho de célula (FSC) e granularidade (SSC), com gate de
andlise. (B) Controle Negativo. (C) Tratamento com CQ. (D) Tratamento com 5-FU. (E)
Tratamento com 5-FU e CQ (n=5).

4.- Lisado de células tumorais tratadas com CQ e 5-FU sdo mais imunogénicas
A andlise fenotipica das DCs sensibilizadas in vitro com os diferentes lisados tumorais
foi realizada seguindo a estratégia de gating ilustrada na Figura 5. Primeiramente, a analise foi

feita com base no tamanho e morfologia caracteristicos de DCs (Figura 5A); o segundo gate
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corresponde as ocorréncias de singlets e exclusdo de células agregadas (doublets) (Figura 5B);
as células mortas foram excluidas da andlise por marcacdo com 7AAD (Figura 5C) e as

moléculas de interesse foram analisadas dentro da populagdo 7AAD-/CD11c+ (Figura 5D).

Os resultados representados na Figura 4 E-H, ilustram o efeito do lisado tumoral no
fenotipo das DC, destacando a tendéncia de elevacdo sobre a percentagem de expressao de
todos os marcadores em compara¢do com o controle. Nossos resultados mostram que a
associacdo de CQ com baixas concentracbes do 5-FU tornam as células tumorais mais
imunogénicas, potencializando sua capacidade de induzir a maturacdo de DC. Desse modo,
observamos que a porcentagem de células que expressam o marcador CD83 aumentou de 74 +
3,4% no WT a mais de 90% nos grupos em que associamos 5-FU com CQ. Os marcadores
celulares associados a maturacdo de DCs, CD80, CD86 e HLA-DR aumentaram de 53,5 +
2,7%; 745 + 1,2% e 65,9 £ 3,2% do controle WT, para 63,7 * 5,1%; 92,7 = 1,5%,
respectivamente, e para 68,7 £+ 2,5%, 93,5 + 1,12% e 86,3 £ 2,4% nas células tratadas com 5-
FU+CQ, respectivamente. Embora o tratamento de HCT-116 apenas com CQ ou 5-FU aumenta

o efeito imunogénico nas DCs, esse efeito ndo € tdo intenso quanto a combinacdo de drogas.
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Figura 5 - Estratégia de gating de andlise de DCs, baseado em tamanho e granulosidade
da populacédo de interesse. (A)Gate de singlets. (B)Representando eventos que passaram
individualmente pelo laser, gate feito nos eventos 7AAD™ para exclusdo de células mortas.
(C)Gate feito dentro da populacdo CD11c". (D)Expressdo das moléculas de interesse em DCs
de 6 doadores saudaveis, apos sensibilizacdo com lisado tumoral de células tumorais HCT 116
previamente tratadas com 5-FU e CQ. (E-H) Os gréaficos de dispersdo ilustram as porcentagens
de células dendriticas (CD11c+) que co-expressam os marcadores CD83, HLA-DR, CD80 e
CD86. Analises estatisticas feitas por Kruskall-Wallis, indicando o efeito dos tratamentos sobre
a imunogenicidade das células tumorais (n=6).
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5. DCs sensibilizadas com lisados de células tumorais pré-tratadas com a
combinacéo de CQ e 5-FU induz resposta alogénica mais intensa

Em vista do efeito dos lisados de células tumorais, sobre a maturacdo e ativacao das
DCs de individuos saudaveis, nosso passo seguinte foi avaliar se as alteracfes fenotipicas eram

acompanhadas da mudanca no perfil funcional das DCs.

Assim, o ensaio de MLR foi efetuado para avaliar o efeito do lisado tumoral sobre a
capacidade das DC de induzirem resposta alogénica, um ensaio cl&ssico para investigar o
potencial de inducdo de resposta imune celular. Esse estudo foi realizado apenas com 0s
tratamentos combinados de CQ e 5-FU que foi o grupo que apresentou as alteracGes fenotipicas
mais intensas em comparacdo com os controles DC WT e DC CQ, devido a escassez de DCs.
As figuras 6B e 6C ilustram as médias de atividade proliferativa dos linfocitos T CD4+ e CD8+

respectivamente.

Embora a exposi¢cdo das HCT-116 a CQ, isoladamente, também tenha aumentado o
efeito imunogénico sobre as DC em comparacdo com WT, esse efeito ndo foi tdo intenso quanto
a combinagdes das drogas. Nossos resultados mostram efeito especialmente marcante na
proliferacdo dos linfécitos T CD4+, quando as DCs foram sensibilizadas com lisados das

células pré-tratadas com 5-FU+CQ.

6. Linfocitos que respondem ao estimulo alogénico tém perfil de células ativadas

Para entender em pouco melhor o perfil de linfocitos gerados em resposta as DCs,
decidimos avaliar a expressdo de 2 marcadores na superficie dessas células, o CD69, um
marcador de linfocitos T ativados e o PD-1, uma molécula que ao interagir com seu ligante

PD-L1 presentes em APCs e nas células tumorais, induz supressao linfocitaria.

Nossos resultados, mostrados na Figura 6D-G, indicam que os linfocitos gerados pela
exposic¢do ao DC 5-FU+CQ expressam uma alta frequéncia de células CD69+, tanto entre 0s

linfocitos T CD4+ (30,7 + 2,7) quanto no T CD8+ (41,6 + 3,2%, 42,5 + 2,9%). Em contraste,
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as células co-cultivadas com DC 5-FU+CQ, apresentam menor nimero de linfécitos PD-1+,

principalmente nas células CD4+ (5-FU+CQ (16,5 £ 1,3)).

7. DCs sensibilizadas com lisado de células tumorais expostas a combinacéo de
drogas, favorecem a resposta do tipo Thl

A Figura 6H mostra um incremento da secre¢do de IFN-y; comparando o grupos que
foram tratado com o lisado sem tratar (WT=171,1+11,4) e os grupos que foram tratados com
nossa combinacdo; CQ=195,7£16,5; 5-FU+CQ=389,3+19,8. Na figura 61, contrariamente
mostra que os linfdcitos que foram co-cultivados com as DCs sensibilizadas com lisado tumoral
produziram uma quantidade menor de IL-10 quando foram tratadas com a combinacdo de 5-

FU e CQ (WT= 46,8+6,3; CQ=28,7+7,2; 5-FU+CQ=8,2+3,7).
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Figura 6 - Melhora da funcéo apresentadora de antigenos das DC induzida por lisados
de HCT-116 pré-tratados com 5-FU+CQ. As DCs foram expostas a lisados HCT-116 e co-
cultivadas com linfocitos alogénicos por 5 dias. Os linfocitos totais proliferados (células CD3+)
foram quantificados por citometria de fluxo (A), assim como as células CD4 + e CD8 + (B; C)
(N =09; *p <0,05; ** p <0,01). Os linfocitos T CD4+ ¢ CD8+ foram depois analisados
separadamente seus niveis de expressdo de CD69 (marcador de ativagdo) e PD-1 (molécula
reguladora) (D-G; * p < 0,05; ** p < 0,02). Os sobrenadantes de MLR foram coletados ¢
analisados quanto a secrecdo de IFN-y (H) e IL-10 (I) por ELISA (*** p <0,01) (n=6).
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MFI

8. DCs tratadas com lisado aumentam a geracéo in vitro de CTL

O cultivo de linfécitos com DCs autdlogas pre-sensibilizadas com diferentes lisados
tumorais levou a geragdo de CTL tumor especificos cuja atividade citotdxica foi evidenciada
pela expressdo de moléculas de perforina e granzima B. Observamos que os linfocitos
cultivados com DCs sensibilizados com lisado de células expostas a 5-FU e CQ induziram a
geracdo de linfocitos com niveis mais altos de perforina e granzima B, como representando na
Figura 7 que mostra a intensidade de fluorescéncia (MFI) para esses marcadores. N&o foram

observadas diferencas para a marcagdo com anti-CD107a.
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Figura 7 - A geracdo in vitro de células T citotdxicas (CTL) é melhorada por DCs
sensibilizadas com lisados de células expostas a combinacao de 5-FU e CQ. Intensidade
média de fluorescéncia (MFI) de células CD8 + em proliferacdo (A) de quatro doadores
saudaveis com proporcdes individuais de efetor: alvo (3,25: 1, 7,5: 1 e 15: 1). Esses linfocitos
mostram maior expressao de marcadores de citotoxicidade perforina (MFI da proporcao 15:1,
5-FU+CQ (a)>WT (b) (p<0.05)) e granzima B (MFI da proporc¢édo 7.5:1, 5-FU+CQ (a’)>WT
(b”) (p<0.05); MFI da proporgdo 15:1, 5-FU+CQ (a)>WT (b) (p<0.05)) que o grupo controle
WT (n=6).

9. Alteragdes transcricionais associadas ao bloqueio da autofagia

Para entender melhor o aumento da maturacdo de DC associado ao bloqueio da
autofagia, avaliamos as células HCT-116 tratadas com 5-FU, CQ ou sua combinag&o.
Consideramos a alteracdo do fold-change para comparar a expressao genica e procuramos
diferencas significativas entre os grupos (Tabela 7). Observamos que as células tratadas com

CQ apresentaram um aumento modesto na expresséo dos genes de autofagia ATGs, SQSTM1,
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MAP1LC3B e ULK1, e uma diminuigdo considerdvel nos genes relacionados & progressdo
tumoral (BNIP3, BNIP3L, FOSL2, HES1, LAMB3, LOXL2, NDRG1, P4HA1L e PIK3R2),
bem como antigenos tumorais da familia CEA (CEACAM 1, 5, 6 e 7). O tratamento com 5-FU
induziu um aumento nos genes de autofagia. Em contraste com o grupo CQ, ndo observamos
uma diminuicéo tdo intensa nos genes relacionados a progressao tumoral, enquanto a expressao
dos genes CEA foi aumentada. As células tratadas com a combinagdo de 5-FU e CQ tiveram
aumento na expressdo dos genes da autofagia, bem como os genes da familia CEA.
Corroborando nossa hipotese a expressdo dos genes associados a progressdo tumoral foi

diminuida pela combinagdo de drogas.
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Tabela 7- Expressado do fold-change de genes selecionados por células tumorais,
comparando células sem tratar (WT) com aquelas tratadas com CQ, 5-FU ou CQ com

5FU.
WT vs
Funcéo do gene Gene WTvsCQ | WTvs5-FU
5-FU + CQ
ATG12 1.7 3.2
ATGS 19 4.5
MAP1LC3B 18 2.3
_ ULK1 1.2 2.4
Autofagia
SQSTM1 1.9
BECN1
BNIP3
BNIP3L
CEACAMS
CEACAMG6
CEACAM7
Adesao celular CEACAM1
HES1
FOSL2
NDRG1
PIK3R2
PGK1 -2.59 -0.2 -2.59
Atividade LOXL2 -4.8 -0.9 -2.85
catalitica PGK1 -2.59 -0.2 -2.59
ALDOC -1.14
ANGPTL4 -1.25
Estrutura
LAMB3 -0.76
molecular
HMGB1 1.02 19 112
HMGB2 0.98 1.87 1.05
Proteinas de
) HMGB3 0.2 0.5 0.347
choque térmico e
DNAJBL1 (HSP40) 1.17 15 0.85
HMGBs
HSP1A (HSP70) 2.67 2.82 _
HSP90AB1 (HSP90) 1.45 2.97 1.52
Oxidoredutase P4HAL 11 -6.89
Ligacdo de RNA PCBP1 1.2 2.86
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V.- Discussao

O desenvolvimento de resisténcia a agentes antitumorais € um dos desafios da terapia
antitumoral e a capacidade de adaptacdo das células tumorais exige que muitos esquemas
terapéuticos fagam a associagdo de farmacos, com o objetivo de eliminar o maior nimero
possivel de células transformadas. Neste trabalho, investigamos os efeitos da associacéo do 5-
FU, droga de primeira linha na terapia contra o cancer de colon, com a CQ um agente
antimalarico capaz de inibir a autofagia. A concentracao de 20uM foi escolhida por ser a menor
concentracdo capaz de inibir o crescimento tumoral, aproximando-se, portanto, de uma dose
metrénomica utilizada na clinica(74). Embora a acdo da CQ, em combinacdo com agentes
antineoplasicos, ja tinha sido investigada por outros autores, ndo ha relatos dessa associacao
com baixas concentracdes de drogas antineoplasicas. Outro aspecto inédito em nossa
abordagem, esta na investigacdo do efeito do tratamento sobre a imunogenicidade das células

tumorais e ndo de seu efeito citotdxico direito.

Nos protocolos atuais de avaliacao autofagica, o aumento de LC3-11 e a diminuicao do
SQSTM1 sdo usados como os principais marcadores de inibicdo da autofagia em etapas tardias.
O LC3-11 é uma proteina presente na parede dos autofagossomos que normalmente é degradada
junto com o autolissosomo ao final da autofagia. Quando a autofagia é bloqueada pela CQ, os
lisossomos ndo conseguem se unir com o autofagossomos e por tanto ha acumulo de LC3-11
(75). O SQSTM1 se liga a proteinas ubiquitinadas, especialmente LC3-11, formando parte da
parede do autofagossomo. Se a autofagia € estimulada, o0 SQSTM1 sera degradado ao final da
autofagia. Assim, a inibi¢do da autofagia promove o acimulo de SQSTM1, bem como de LC3-
Il (76). Baixas concentragcfes de 5-FU aumentam a autofagia nas células HCT-116, enquanto
0 CQ foi capaz de inibir o processo, como evidenciado pelo acimulo de LC3-I1. A analise da

expressdo de SQSTML1 é consistente com estudos anteriores da autofagia no HCT-116 (77).
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A inducéo de autofagia por 5-FU também foi confirmada por analise do transcriptoma
que mostra um aumento na expressdo dos genes associados a autofagia ATGs, SQSTM1,
MAP1LC3B, BECN1 e ULK1. Um aumento maior da expressédo foi observado no grupo da
combinacgédo de 5-FU e CQ. O aumento da expressdo de LC3B e BECN1 sob condigfes de

estresse é consistente com os dados da literatura (78, 79).

A analise ultraestrutural por microscopia eletronica revelou que as células de controle
sem tratamento tém uma formacéo desprezivel de autofagossomos e autolissosomo, enquanto
as células tratadas com CQ possuem um elevado nimero de autofagossomos no citoplasma.
Nas HCT-116 tratadas apenas com 5-FU observamos um aumento evidente no numero de
autolissosomo com material degradado, indicando inducdo de autofagia e a conclusdo do

processo, consistente com relatos anteriores (32, 71-73, 80).

Apos confirmarmos a capacidade da CQ em bloquear a autofagia e do 5-FU em
estimula-la, avaliamos se este bloqueio € capaz de potencializar a acdo citotdxica do
quimioterapico, induzindo morte celular. Em consonancia com os resultados de inducéo e
inibicdo de autofagia e, morfologia das células tratadas, os resultados da marcacao das células
positivas para anexina V e 7AAD mostraram que a necrose (anexina V+ e 7AAD+) ndo é um
tipo de morte celular predominante neste cenério, mas sim a apoptose (anexina V+),
caracterizada pela externalizacdo da fosfatidilserina na membrana plasmatica (81). Foi
possivel também, confirmar o efeito ndo téxico da 5-FU a 20uM e da CQ a 80uM quando
administradas isoladamente. Contudo, a combinacdo com CQ foi capaz de potencializar a acdo

do 5-FU na inducdo da morte celular apoptotica.

Analisando os efeitos da sinergia entre o 5-FU e a CQ na imunogenicidade de células
tumorais, observamos que a exposicdo de DC ao lisado de células tumorais previamente
tratadas com a combinagdo aumentou a expressao marcadores de co-estimulagdo, maturacéo e

apresentacdo antigénica dessas células. Antes de serem estimuladas as DCs se encontram num
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estagio imaturo (iDC), possuem uma enorme capacidade fagocitica e endocitica, porém uma
baixa capacidade de estimular linfocitos T naive, por ndo terem os niveis necessarios de sinais
co-estimuladores(48). O processo de maturacdo das DCs culmina com a reducdo de sua
capacidade endocitica e migracdo em dire¢do as areas de linfdcitos T naive em 6rgéo linfoides
secundarios(82). Essa migracao resulta de uma resposta quimiotatica controlada pela expressao
de receptores para quimiocinas, como CCR7, com aumento de moléculas envolvidas
diretamente na ativacdo linfocitaria e a producdo de citocinas inflamatorias (83, 84). A
maturacdo das DCs é caracterizada fenotipicamente pelo aumento da expressdo de MHC de
classe 11, marcadores de maturacdo (CD83) e das moléculas co-estimuladoras (CD40, CD80,
CD86), esséncias para a correta apresentacdo de antigenos pelos linfocitos T (85). Além de ser
um marcador de maturagdo, o CD83 modula a resposta imune melhorando as respostas
imunolodgicas, aumentando a liberacdo intracelular de célcio nos linfocitos T naive e de
memoria (86). A expressdo de CD83 também foi incrementada pela nossa combinagdo de

drogas.

Em estudos anteriores do nosso grupo, descobrimos que o RNA total extraido das HCT-
116 tratadas com 5-FU transfectado as DCs aumentou a expressdo de marcadores de maturacao
e moléculas coestimuladoras e melhorou sua capacidade de estimulacdo alogénica(87)
Ademais, a exposi¢do das HCT-116 a doses baixas de antineoplasicos como paclitaxel ou
doxorrubicina aumenta a expressdo de genes de proteinas de choque térmico (HSPs),
calmodulina, e aumenta a expressao de genes envolvidos no mecanismo de processamento de
antigenos pela via citosélica, como TAP1, tapasina e calnexina, aumentando a
imunogenicidade das células tumorais (26). Essa visdo foi refor¢ada pela observacdo de que
nosso lisado pré-tratado com a combinacao de 5-FU e CQ incrementou a expressao de proteinas
de choque térmico, entre elas ao HSP70 e HSP90, que aumentam a capacidade fagocitica e

promovem a apresentagdo cruzada de antigenos (88). Os HSPs, junto com o HMGB1,
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desempenham um papel importante na maturacao fenotipica das DCs, aumentando a expressao
de HLA-DR, CD80 e CD86 e a maturacdo funcional, além de melhorar a secrecéo de IL-6, IL-

12 e IFN-y (88, 89).

A reacdo mista de linfécitos (MLR) nos permitiu demonstrar que as alteracfes
fenotipicas observadas nas DC sensibilizadas sdo acompanhadas por uma melhora na
capacidade de estimular linfécitos T alogénicos. Especificamente, as DCs sensibilizadas com
os lisados de tumor pré-tratados com 5-FU junto com CQ promoveram uma proliferacdo
aumentada de linfocitos na MLR. Esse efeito proliferativo foi mais intenso nos linfécitos T
CD4+ tambeém é coerente com sua capacidade de interagir com as moléculas de HLA-DR
expressas nas DCs. Em adicdo, o aumento observado nos linfocitos T CD8+, sugere a geracao
de linfocitos T citotoxicos que sdo especificos para as células tumorais (visto que sua
proliferacdo foi estimulada por DC sensibilizadas com antigenos tumorais). Fato confirmado
pelo cultivo de DC e linfocitos autélogos para geracdo de CTL (90). A perforina e a granzima
B sdo consideradas marcadores funcionais em células com capacidade citotoxica (91), pois a
polimerizacdo da perforina perfura a membrana da célula alvo, enquanto a granzima B ativa as
caspases, induzindo apoptose (92). No nosso estudo, encontramos um aumento significativo
na intensidade média de fluorescéncia (MFI) da populacdo T CD8+ proliferadas pelas DC
sensibilizadas com lisado tumoral pré-tratado com 5-FU+CQ. A expressdo de perforina e

granzima B foi maior nesta populacdo de T CD8+.

Também observamos que os linfocitos gerados em resposta as DCs sensibilizadas
apresentaram perfil de células ativadas, expressando niveis mais altos do CD69+, marcador
associado a estimulacéo eficaz dos linfécitos T pelas DCs (93). Nossos resultados também
indicaram que ndo ha ativacéo seletiva das células T CD4+ ou CD8+, visto que ambas as
subpopulagdes mostraram aumento na porcentagem de CD69+. Consequentemente, esses

mesmaos tratamentos resultaram na reducéo da expressao de PD-1+ entre os linfocitos T CD4+.
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PD-1 é um membro da familia CD28 e sua funcéo principal é limitar o agrupamento de TCR e
moléculas co-estimulatorias na sinapse imunoldgica enviando sinais inibitdrios ao interagir
com os receptores PD-L1 e PD-L2, presentes tanto em células apresentadoras de antigenos,
como as DCs, quanto em células tumorais (94). A expressao de PD-1 é aumentada nas células
T de pacientes com céancer de pancreas, cancer de pulméo, varias leucemias e linfomas (95-
97). Portanto, a expressdo de PD-1 nas células T e a expressdo de PD-L1 nas células tumorais
constituem um mecanismo de escape do tumor. Nés observamos a reducéo da expressao de
PD-1 em linfdcitos em proliferacdo pela co-cultura com DC pré-sensibilizadas com lisado
tumoral. Esse aspecto € particularmente interessante, pois os sinais associados ao PD-1 e PD-
L1 estdo entre os principais bloqueios do ponto de verificagdo da resposta antitumoral
(checkpoint blockage). Assim, além do anticorpo anti-CTLA-4 (ipilimumab), os anticorpos
anti-PD-1 (nivolumab) (98) estdo entre os principais agentes imunoterapicos antitumorais da

atualidade (99).

Os linfdcitos co-cultivados com DCs sensibilizadas com lisados de células tumorais
expostas ao 5-FU e CQ produziram maiores quantidades de IFN-y que os controles, enquanto
diminuiam a producdo de IL-10. Os linfocitos T CD4+ e CD8+ naives podem se diferenciar
em células T efetoras especificas, com fun¢des diferentes, em parte diferenciadas de acordo as
citocinas que produzem(100). Assim, os linfocitos T CD4+ podem se diferenciar em linfocitos
T helper 1 (Th1) que secretam IFN-y e TNF-a para estimular a geragdo de linfocitos T CD8+,
estando envolvidas no desenvolvimento da resposta imune antitumoral. O IFN-y também
recruta monacitos, induzindo a diferenciacdo de linfocitos T CD4+ em linfocitos Th1 (100,
101). A IL-10 é uma citocina inibidora por exceléncia das DCs que pode ser secretada por
Tregs e Th2 e sua principal fung&o € inibir a progressédo da resposta Thl reduzindo a expressao

do MHC-II e das moléculas co-estimuladoras CD80 e CD86(102). Assim, as DCs
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sensibilizadas com o lisado da combinagdo, promovem a ativacdo preferencial dos linfocitos

de perfil Th1, com pouca estimulacdo de Th2 ou Treg.

LT CD4+

Liberagao de granzimas
e perforinas

LT CD8+ LT CTX HCT-116

L| nfdcitos Th1

¢ - ©~ e
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Figura 8 - Efeito imunoestimulador do lisado tumoral. As células dendriticas
sensibilizadas com o lisado de células pré-tratadas com a combinacdo de 5-FU e CQ aumentaram
seus marcadores de co-estimulacdo, maturagdo e apresentacao antigénica, produzindo assim uma alta
proliferacdo de linfocitos T CD4+ e CD8+ (via cross-priming). Esses linfocitos T CD4+ gerados
eram predominantemente de perfil Thl, produtores de IFN-y, estimulando a diferenciagdo dos
linfocitos TCD8+ em linfdcitos T citotdxicos (CTL). Quando desafiados com as HCT-116, os CTLs
gerados in vitro, liberaram granzimas e perforinas, marcadores funcionais de CTL, destruindo As
células tumorais alvo.

A andlise de outras citocinas, como IL-12, IL-2, TNF, IL-4, IL-6, IL-17 e IL-23, seria
atil para fornecer uma visdo mais clara sobre como a combinacdo de 5-FU e CQ afetam a
modulacdo das outras populacdes de linfécitos T. Por fim, a evidéncia de que a combinacao de
5-FU e CQ pode modular a biologia das HCT-116, bem como o lisado celular obtido a partir
destas, é reforcada pelo aumento da expressédo de genes de membros da familia CEA associados
a tumores (CEACAM 1, 5,6 e 7), coincidindo com resultados prévios observados em outro
linhagem de células de cancer colorretal humano (HT-29) (103), e a expressdo diminuida de
genes associados a progressdao tumoral como: BNIP3, BNIP3L, FOSL2, HES1, LAMBS3,

LOXL2, NDRG1, PAHA1 e PIK3R2.
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Em concluséo, os resultados aqui apresentados demonstram que o uso de 5-FU em
combinacdo com a CQ provoca alteragdes genéticas e fenotipicas nas células tumorais
aumentando sua imunogenicidade, tornando-as mais eficientes em sensibilizar as DCs. Estas,
por sua vez mostram maior habilidade em induzir resposta especifica contra as células
tumorais. Por fim, em continuidade a linha de investigacdo sobre a combinagdo de
quimioterapicos antitumorais com a imunoterapia baseada na estimulagdo de DC, nossos
resultados indicam o potencial para uso clinico deste protocolo de sensibilizagdo in vitro de
DCs, bem como o uso de bloqueadores autofagicos combinados com quimioterdpicos
convencionais para o tratamento de pacientes com cancer colorretal, estimulando-nos a

continuar investigando novas abordagens para combater essa doenca.
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ARTICLE INFO ABSTRACT

Keywords: Autophagy is an important mechanism for tumor escape, allowing tumor cells to recover from the damage
Autophagy induced by chemotherapy, radiation therapy, and immunotherapy and contributing to the development of re-
Cancer sistance. The pharmacological inhibition of autophagy contributes to increase the efficacy of antineoplastic
Colorectal agents. Exposing tumor cells to low concentrations of select autophagy-inducing antineoplastic agents increases
Chemotherapy

their immunogenicity and enhances their ability to stimulate dendritic cell (DC) maturation. We tested whether
the application of an autophagy-inhibiting agent, chloroquine (CQ), in combination with low concentrations of
5-fluorouracil (5-FU) increases the ability of tumor cells to induce DC maturation. DCs sensitized with the lysate
of HCT-116 cells previously exposed to such a combination enhanced the DC maturation/activation ability.
These matured DCs also increased the allogeneic responsiveness of both CD4 + and CD8 + T cells, which showed
a greater proliferative response than those from DCs sensitized with control lysates. The T cells expanded in such
cocultures were CD69 + and PD-1- and produced higher levels of IFN-y and lower levels of IL-10, consistent with
the preferential activation of Th1 cells. Cocultures of autologous DCs and lymphocytes improved the generation
of cytotoxic T lymphocytes, as assessed by the expression of CD107a, perforin, and granzyme B. The drug
combination increased the expression of genes related to the CEACAM family (BECN1, ATGs, MAPLC3B, ULK1,
SQSTM1) and tumor suppressors (PCBP1). Furthermore, the decreased expression of genes related to metastasis
and tumor progression (BNIP3, BNIP3L, FOSL2, HES1, LAMB3, LOXL2, NDRG1, P4HA1, PIK3R2) was noted. The
combination of 5-FU and CQ increases the ability of tumor cells to drive DC maturation and enhances the ability
of DCs to stimulate T cell responses.

Dendritic cells
Cytotoxic T cells

1. Introduction

Colorectal cancer (CRC) is the third most frequent cancer observed
worldwide [1], with 40,990 new cases expected for 2020 in Brazil [2].
Conventional therapy for patients with CRC is based on total or partial
colectomy, usually followed by neoadjuvant or adjuvant chemotherapy
[3] with a fluoropyrimidine, oxaliplatin, irinotecan and/or taxanes [4].
The success of chemotherapy is often complicated by metastases and

relapsing disease associated with the development of drug resistance
[5]. One of the mechanisms responsible for drug resistance is autop-
hagy, a selective cellular degradation process in which cytosolic pro-
teins and organelles are sequestered into double-membrane autopha-
gosomes that fuse with lysosome for the recycling of macromolecules
[6,7]. This process is also triggered to generate amino acids, nucleo-
tides, and fatty acids under conditions of nutrient deprivation [8].
Other types of stress can also trigger autophagy, such as genomic stress,
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endoplasmic reticulum stress, intracellular infections, and exposure to
drugs [9].

We have previously observed that certain chemotherapeutic agents
at ultra-low concentrations can modulate signaling pathways and in-
duce cytokines, such as IL-12, IL-10, IL-4, and TNF-a [10], without
inducing apoptosis. Treatment of HCT-116 colorectal cancer cells with
a nontoxic concentration of paclitaxel alters the expression of several
genes, especially those responsible for the synthesis of heat shock
proteins, components of the antigen processing machinery (APM) and
tumor-associated antigens [11]. The increased immunogenicity of
tumor cells induced by drug exposure is dependent on the onset of so-
called immunogenic cell death, with increased expression of danger
signals (e.g., danger-associated molecular patterns; DAMPs) such as
calreticulin, heat shock proteins, ATP, and high mobility group box 1
(HMGB-1) [12-16]. Consistent with this notion, we also observed that
exposing HCT-116 cells to a nontoxic concentration of paclitaxel or
doxorubicin causes transcriptional alterations in several genes asso-
ciated with the expression of tumor antigens [17]. In addition, dendritic
cells (DCs) sensitized with the lysate of HCT-116 cells that were pre-
viously treated with low concentrations of paclitaxel induced cytotoxic
T lymphocytes (CTLs) with higher lytic potential than did the DCs
sensitized with untreated tumor cells [17].

More recently, combining antineoplastic agents with autophagy
blockers as a therapeutic approach for treating cancer patients has been
proposed. Exposing human colorectal cancer cells to 5-fluorouracil (5-
FU) enhances autophagy in a considerable portion of these cells [18].
Exposure of these cells to the antimalarial drugs chloroquine (CQ),
hydroxychloroquine, or mefloquine (quinolones) reduces autophagy
and increases the susceptibility of cells to chemotherapy [19]. Quino-
lones function as weak bases that passively diffuse into the lysosomes
where they are protonated and prevented from leaving this vesicle.
Their presence increases the lysosome pH, interrupting its functions and
preventing the end of autophagy [20,21]. As anti-inflammatory drugs,
quinolones have been used to treat some autoimmune diseases [22].
Currently, there are a number of clinical trials and experimental studies
focusing on the feasibility of using CQ and hydroxychloroquine against
SARS-CoV-2 (COVID-19) [23,24] . In addition, the combination of CQ
and antineoplastic drugs enhances the clinical response in patients with
breast [25] and kidney cancer [26], showing a synergistic effect on the
activation of mTOR (mammalian target of rapamycin), inhibiting au-
tophagy, and thus increasing tumor cell death. No studies on the in-
duction of autophagy in tumor cells treated with ultra-low doses of
chemotherapeutic agents are available, and little is known about the
effect of this phenomenon on the immunogenicity of tumor cells. Fur-
thermore, there are no reports on the effects of using CQ combined with
other drugs on the functions of immunocompetent cells such as lym-
phocytes or DCs.

In the present study, we tested the hypothesis that the application of
CQ in combination with low concentrations of 5-FU blocks autophagy
in tumor cells and promotes DC maturation, increasing their ability to
enhance T lymphocyte cytotoxic granule expression.

We found that exposing HCT-116 cells to this combination induced
transcriptional changes, and DCs treated with HCT-116 lysate showed
an improved ability to stimulate the proliferation of allogeneic T cells
and to enhance the generation of cytotoxic CD8 + T cells. These results
lead us to conclude that antigenic and transcriptional changes induced
in tumor cells by the combination of CQ and low concentrations of 5-FU
can be used as a basis for developing better DC-based antitumor re-
active T cells.

2. Materials and methods
2.1. Culture and treatments of colorectal cancer HCT-116 cells

The human colon cancer cell line HCT-116 was authenticated by
DNA STR profiling using the GenePrint 10 commercial system
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(Promega, Madison, W1, USA) at the Viral Carcinogenesis and Cancer
Biology Research Group, Institute of Biotechnology (IBTEC), Sao Paulo
State University (UNESP). These cells were authenticated as myco-
plasma-free and were cultured in 150 cm? culture bottles in RMPI-1640
medium (Gibco) supplemented with 10% FBS, 2 mM L-glutamine,
1 mM sodium pyruvate, 0.1 mM nonessential amino acids, 10 mM
HEPES, and 1% antibiotics/antimycotics solution (Life Technologies).
The cells were cultured at 37°C under a 5% CO, atmosphere. After 24 h
of culturing, the cells were treated with 80 uM CQ for 18 h, and then the
minimum effective concentration of 5-fluorouracil (20 uM) (Eurofarma)
was added and the cells were cultured for a further 24 h. The cells were
then detached with trypsin and washed before subsequent analysis or
were cryopreserved for the further preparation of cell lysates. The CQ
and 5-FU concentrations and the incubation times were previously
determined by MTT-based cytotoxicity assay. For this, 2x10° cells were
plated in 96-well flat-bottomed culture plates and incubated with
variable concentrations of CQ (80 to 200 uM) and 5-FU (0.06 to
100 uM). Increased optical density due to formazan reduction was read
by a spectrophotometer to evaluate the toxic effect of the drug con-
centrations.

2.2. Analysis of cell viability and death

The concentration of HCT-116 cells was adjusted to 10° cells/mL
and cultured overnight in a 24-well plate. The cells were treated with
CQ overnight, followed by exposure to 5-FU for 24 h. As a positive
control of cell death, cells were heated at 59 °C for 20 min. The cells
were detached by trypsinization and centrifuged at 1200 rpm for
10 min. The pellet was suspended in 100 pl of cold PBS and centrifuged
at 10,000 rpm for 30 sec. The cell pellet was resuspended in 100 pl of
annexin buffer solution and incubated with annexin V at room tem-
perature and protected from light. After incubation, 200 pl of the an-
nexin buffer was added. Finally, the cells were stained with 7-amino-
actinomycin D (7AAD) to assess viability and were analyzed by flow
cytometry.

2.3. HCT-116 lysate

Cryopreserved aliquots were thawed in a 37 °C water bath for 3 min
and then quickly refrozen in liquid nitrogen for 3 min (freeze/thaw
cycle). This process was repeated five times. The samples were then
centrifuged at 14,000 rpm for 15 min, and the supernatant was treated
with 70 ul/mL of protease inhibitor (Halt ™ Protease Inhibitor Cocktail
ThermoFisher), followed by storage at —80 °C. The total protein was
quantified using a ThermoFisher BCA Protein Assay Kit, and samples
were aliquoted (100 pg protein) and stored at —80 °C.

2.4. Western blot

Briefly, 40 g of cell lysate proteins derived from each of the four
treatment groups (WT, CQ, 5-FU, and 5-FU + CQ) were diluted in gel
electrophoresis sample buffer and heated at 95 °C for 10 min. The
proteins were separated on a polyacrylamide gel and then transferred to
a polyvinylidene difluoride membrane. Nonspecific binding of proteins
was blocked by incubating the membranes in 5% low-fat milk in PBS-
Tween buffer for 1 h at room temperature. The membranes were sub-
sequently incubated overnight with antigen-specific primary antibodies
for autophagy markers: LC3-II (#2775 s Cell Signaling Technologies)
and SQSTM1 (#pm045 MBL Intern. Corp.); secondary anti-rabbit
(#A0545 Sigma) and anti-mouse (#A9044 Sigma) antibodies were
applied, respectively. GAPDH (#g8795 Sigma) was used as a house-
keeping gene. The membranes were washed with PBS-Tween buffer for
30 min and developed with enhanced chemoluminescence im-
munoreactive reagent and read on a UVITEC Cambridge photo-
documentation system.
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2.5. Ultrastructural analysis by transmission electron microscopy

Approximately 10° cells were cultured overnight in a 6-well culture
plate and were treated with CQ and 5-FU according to the above-
mentioned protocol . After incubation, cell monolayers were trypsi-
nized, and the collected cells were centrifuged for 10 min at 1,200 rpm
at 20 °C. The samples were fixed in 1 mL of Karnovsky's solution, post-
fixed in 1% osmium tetroxide in 0.1 M phosphate buffer at pH 7.3,
incubated in 0.5% uranyl acetate in aqueous solution; dehydrated in a
gradient series of acetone solutions, and embedded in Araldite glue. The
ultrafine sections (50 nm) were contrasted with saturated uranyl
acetate and lead citrate solutions and observed using a Tecnai Spirit
(FEI Company) electron microscope at 80 kV.

2.6. Human monocyte-derived dendritic cells

DCs were differentiated in vitro from the peripheral blood adherent
mononuclear cells (PBMCs) of six healthy donors. The PBMCs were
obtained by centrifugation through a Ficoll-isopaque gradient, sus-
pended in AIM-V culture medium (Invitrogen), and seeded in 6-well
culture plates (1x10°/per well). After incubating for 1 h at 37°C, non-
adherent cells were removed and adherent monocytes were cultured in
complete culture medium containing 80 ng/ml recombinant human
GM-CSF and IL-4 (PeproTech) for 5 days. They were then treated with
HCT-116 lysate (100 pg per 10° DCs) and kept in culture for an addi-
tional 48 h. Immature DCs were submitted to seven different culture
conditions: DCs (untreated immature DCs); WT (DCs exposed to the
lysate of untreated HCT-116 cells); CQ (DCs exposed to the lysate of
HCT-116 cells that were pretreated with 80 uM of CQ), 5-FU (DCs ex-
posed to the lysate of HCT-116 cells that were pretreated with 20 uM of
5-FU), and 5-FU + CQ (DCs exposed to the lysate of HCT-116 cells that
were pretreated with 20 uM of 5-FU and 80 uM of CQ). All procedures
involving both normal and transformed human cells were approved by
the Ethics Committee of the Botucatu School of Medicine — UNESP (CEP
# 2.258.145).

2.7. DC phenotyping

The lysate-exposed and control DCs were incubated with fluorescent
monoclonal antibodies for 30 min and washed with PBS containing
0.1% bovine serum albumin (BSA) and 0.1% sodium azide. The DCs
were incubated with labeled antibodies (HLA-DR-PE, CD11c-APC,
CD83-PE-Cy7, CD80-APC-H7, and CD86-FITC (BD Biosciences) for
20 min at 4 °C and then washed with PBS-BSA. The cells were sus-
pended in 100 ul of PBS-BSA, and the samples were read in a
FACSCanto II cytometer (Becton-Dickinson) and analyzed using
FlowJo, version 7.2.4.

2.8. Mixed lymphocyte reaction assay (MLR)

The functional activity of DCs was first evaluated through their
ability to stimulate the proliferation of normal allogeneic T lympho-
cytes. DCs from six different donors were cocultured with allogeneic T
lymphocytes (previously marked with carboxyfluorescein succinyl ester
(CFSE)) in flat-bottomed 96-well plates in a 1:10 (10*:10°) DCs: lym-
phocyte ratio. Cells were harvested five days later, and the lymphocyte
proliferation was analyzed by flow cytometry based on the dilution of
CFSE in the replicant cells. We also analyzed the expression of PD-1 and
CD69 on CD3+ cells using anti-PD-1-PE and CD69-APC-H7 (BD
Pharmingen).

2.9. IFN-y and IL-10 detection
Supernatants of the MLR assay were collected and preserved at

—80°C. These samples were analyzed for the in vitro synthesis of IFN-y
and IL-10 using an ELISA kit according to the manufacturer's
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instructions (R&D Systems).

2.10. Generation of cytolytic T lymphocytes and antitumor cytotoxicity
assay

To generate specific antitumor T cells, DCs were cocultured with an
autologous T lymphocyte-rich suspension in a 1:10 DC:lymphocyte
ratio (10%:10°) in complete culture medium supplemented with IL-7
(5 ng/ml) and IL-2 (40 IU/ml). The culture was pulsed with IL-2 every
two days for 14 days. On day 14, the lymphocytes were harvested and
evaluated for their cytotoxic activity against HCT-116 target cells. A
lymphocytotoxicity assay was performed by adding the in vitro-gener-
ated lymphocytes to HCT-116 monolayer cells in different effector:
target ratios (15:1, 7.5:1 and 3.25:1). Anti-CD107a-APC was added to
these cocultures and incubated for 5 h at 37°C in an atmosphere con-
taining 5% CO,. The cells were then harvested and washed with 0.1%
BSA in PBS and treated with the Cytofix/CytoPerm kit (BD
Pharmingen). Finally, the cells were labeled with anti-perforin-Alexa
488 and anti-granzyme-PE antibodies and analyzed by flow cytometry.

2.11. Tumor cell transcription

To investigate how treatment with the combination of CQ and 5-FU
changes tumor cell gene expression, we performed a transcription
analysis of these cells. Total RNA was extracted using a QIAGEN RNeasy
Plus Micro Kit. RNA was quantified using an RNA HS Assay Kit
(Invitrogen) and a QBIT® system. The quality of RNA was analyzed
using an Agilent RNA 6000 chip in a Bioanalyzer 2100 system. Only
samples with an RNA integrity number higher than 8.0 (optimal
quality) were processed.

All indications and steps of the Sure Select Strand-Specific RNA
Library Preparation Kit were followed, and the dsDNA libraries of each
treatment group with the adapters and index were analyzed on the
Illumina Miseq platform. After obtaining the data, the reads were as-
sembled based on the sequences of each transcript of interest using the
CLC Genomics Workbench program. The effect of the treatments on
gene expression was evaluated by comparing the fold change in RNA
expression of the samples with that of the untreated control.

2.12. Statistical analysis

Homogeneity of variance was accessed by the Bartlett test, and the
data were analyzed by analysis of variance (ANOVA) followed by the
Tukey-Kramer test for multiple comparisons. Differences were con-
sidered significant when the error probability was less than or equal to
5% (p < 0.05).

3. Results
3.1. Combination of chloroquine and 5-FU blocks autophagy

We first verified whether the working concentrations of CQ and 5-
FU were able to block autophagy. Proteins extracted from untreated
tumor cells (WT) or cells treated with either chloroquine (80 uM) or 5-
fluorouracil (20 uM) or those treated with the combination of drugs (5-
FU + CQ) were analyzed by western blot to evaluate the accumulation
of LC3-1I and SQSTM1 (both autophagic markers). We observed slightly
increased LC3-II expression when treating with CQ alone, while the
combination of CQ and 5-FU resulted in higher LC3-II expression.
Interestingly, treatment with 5-FU alone induced a slight increase of
LC3-II expression, indicating the induction of autophagy, as confirmed
by the lower intensity of SQSTM1 in this group (Fig. 1A).

3.2. Ultrastructural changes induced by 5-FU and CQ in HCT-116 cells

To reinforce the cytometric results of the induction and inhibition of
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Fig. 1. Autophagy Inhibition prior to
Chemotherapy Treatment of HCT-116
cells. Cells were treated with 80 pM CQ
overnight and then treated with the
minimum effective concentration of 5-
FU (20 uM) for 24 h. A portion of these
cells was lysed, and the total proteins
were analyzed by western blot for LC3-
I and SQSTM1 (A). GAPDH was used as
a housekeeping gene (C). The re-
maining cells were analyzed by trans-
mission electron microscopy (B-E).
N = nucleus; green arrow: autophago-
some; yellow arrow: autophagosome
with undigested organelles; blue arrow:
autophagolysosomes (vesicles with de-
graded material). Groups: Control (B),
CQ (C), 5-FU (D), 5-FU + CQ (E).

SQSTM1 s G v c—

GAPDH e W ” e

autophagy and the induction of apoptosis, we used transmission elec-
tron microscopy to analyze the cells under different treatments. Cells
treated with 5-FU showed double-membrane vesicles (autophago-
somes) and single-membrane vesicles containing degraded material
(autophagolysosomes) in the cytoplasm (Fig. 1D). By contrast, the
control cells showed a very small number of autophagosomes con-
taining flocculated and degraded material in addition to containing
mitochondria and some rough endoplasmic reticulum cisterns (Fig. 1B).
In the 5-FU + CQ combined treatment, the size of autophagosomes
appeared to increase within the cytoplasm, and these vesicles exhibited
different filler contents. Some vesicles had heterogeneous electron-
dense material inside them, and others showed myelin figures and
electron-lucent degraded material, indicating that some autophago-
somes were not engaged in the digestion process and that the process of
digestion was blocked. There was a clear accumulation of autophago-
somes containing undigested organelles, demonstrating the failure or
inhibition of autophagolysosome formation (Fig. 1E). This finding is in
agreement with previous studies [27-30].

3.3. Enhanced cytotoxic action of 5-FU by inhibiting autophagy with
chloroquine

Table 1 shows the number of HCT-116 cells after incubation with
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Table 1

Number of HCT-116 cells following treatment with CQ, 5-FU, or the combi-
nation of both drugs. CTRL refers to untreated cells cultured in regular culture
medium. Each column refers to an independent assay (cultured on different
days).

HC-T116 cell counting (x 107)

Treatment Assay 1 Assay 2 Assay 3 Assay 4 Assay 5
CTRL 6.7 6.5 6.3 6.4 6.4
CcQ 5.7 5.1 5.6 5.2 5.3
5-FU 3.0 3.4 3.5 3.1 3.3
5-FU + CQ 1.2 1.5 1.3 1.2 14

Cells were cultured in 75 cm? culture flasks until achieving 60% confluence and
then either CQ 20 mM (24 h), 5-FU 20 mM (24 h), or the combination of both
drugs (24 h + 24 h) was added. Cells were detached by trypsinization and
counted. The cell viability was evaluated by the trypan blue exclusion test, and
no differences of viability were observed among the cell suspensions (all greater
than 94%). CTRL refers to untreated cells cultured in regular culture medium.
Each column refers to an independent assay (cultured on different days).

CQ, 5-FU or the combination of both drugs (five independent assays).
While CQ alone had a discrete effect on cell growth, 5-FU reduced the
number of cells to approximately 50% of the control culture. The
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Fig. 2. The combination of chloroquine and 5-FU induced apoptosis in HCT-116 cells. HCT-116 tumor cells were treated or not with 80 uM CQ overnight.
Subsequently, they were treated or not with the minimum nontoxic or effective dose of 5-FU. After 24 h, the cells were trypsinized and stained with annexin V and
7AAD to assess apoptosis and necrosis (A). Pseudocolor showing cell size (FSC) and granularity (SSC), with analysis gate (B). Negative Control (C). Treatment with

QC (D). Treatment with 5-FU (E). Treatment with QC + 5-FU (F).

combination of 5-FU and CQ strongly inhibited cell growth in the cul-
tures.

Fig. 2 shows that early apoptosis (annexin V+) was the pre-
dominant type of cell death induced by the treatments. 5-FU alone
(Fig. 2D) increased by four times the annexin V labeling compared to
the control (Fig. 2B), while its combination with CQ increased early
apoptosis in ten times compared with the same control (Fig. 2E), and
around twice compared with 5-FU alone.

3.4. Treatment of tumor cells with CQ plus 5-FU enhances their ability to
induce DC maturation

Fig. 3 illustrates the effect of the HCT-116 lysates on the DC phe-
notype, highlighting the overall increase in the percentage of cells ex-
pressing maturation or activation markers CD83, CD80, CD86, and
HLA-DR. The percentage of cells expressing the CD83 marker increased
from 74 + 3.4% in WT to more than 90% in the groups exposed to 5-
FU + CQ. Cell markers associated with DC maturation (CD80, CD86,
and HLA-DR) increased from 53.5 =+ 2.7%; 745 =+ 1.2%, and
65.9 + 3.2% in the WT control to 63.7 * 5.1%; 92.7 = 1.5%, re-
spectively, and to 68.7 + 2.5%, 93.5 * 1.12% and 86.3 + 2.4% in
cells treated with 5-FU + CQ, respectively. Although treating HCT-116
cells with CQ or 5-FU alone increase the immunogenic effect on DCs,
this effect was not as intense as seen in the drug combination.

3.5. DCs sensitized with lysates from HCT-116 cells pretreated with CQ and
5-FU showed an enhanced allogeneic response

Given the effect of HCT-116 lysates on the maturation and activa-
tion of DCs from healthy individuals, we analyzed whether phenotypic
changes were accompanied by changes in DC function. The MLR assay
was used to evaluate the effect of HCT-116 lysates on the ability of DCs

to induce an allogeneic response. This study was performed only with
the combination of CQ and 5-FU, which presented the most relevant
phenotypic changes. Fig. 4A shows the proliferative response of total
CD3 lymphocytes, while Fig. 4B and C show the proliferation of CD4 +
and CD8+ cells, respectively. Although the exposure of HCT-116 cells
to CQ alone increased the DC maturation compared to WT, this effect
was not as intense as the drug combination. Our results showed a
marked effect on the proliferation of CD4+ T lymphocytes when DCs
were sensitized with lysates from HCT-116 cells that were pretreated
with 20 pM 5-FU + CQ.

3.6. Lymphocytes responding to allogeneic stimulation showed an activated
cell profile

CD69, a marker of activated T lymphocytes, and PD-1, the check-
point ligand of PD-L1 expressed by tumor cells, were assessed on DC-
stimulated T cells. Fig. 4D-G indicates that lymphocytes generated
through exposure to DC 5-FU + CQ had a high frequency of CD69 +
expression, both among CD4+ T lymphocytes (30.7 * 2.7%) and
CD8+ lymphocytes (41.6 + 3.2% and 42.5 *= 2.9%, respectively). In
contrast, the expression of the regulatory marker PD-1 was lower in
these lymphocytes, especially in CD4+ cells (5-FU + CQ:
16.5 = 1.3%).

3.7. HCT-116 treated with 5-FU + CQ showed an increased ability to
induce a Th1 response

As shown in Fig. 4H, DCs exposed to the lysates of HCT-116 cells
that were treated with 5-FU + CQ had an increased ability to induce
the production of IFN-y via allogeneic lymphocytes. The levels of IFN-y
increased from 171.1 + 11.4 pg/ml (WT) to 195.7 * 16.5 pg/ml
(CQ) and 389.3 = 19.8 pg/ml (5-FU + CQ). Conversely, Fig. 41 shows
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Fig. 3. Lysates of HCT-116 exposed to 5-FU + CQ increase DC maturation and activation. DCs from six healthy donors were exposed to the lysates of HCT-116 cells
previously treated with the minimal effective concentrations of 5-FU or its combination with CQ (5-FU + CQ). WT refers to DCs pulsed with the lysate of untreated
HCT-116 cells, and CTRL refers to unstimulated DCs. Scatter plots illustrate the percentages of DCs (CD11c+) that co-express the markers CD83 (A), HLA-DR (B),
CD80 (C), and CD86 (D). The mean and standard deviation of the six individual donors was analyzed by ANOVA. * p < 0.05; ** p < 0.01; *** p < 0.005.

that DC exposure to the lysates decreased the ability of DC-stimulated T
cells to secrete IL-10, reducing the levels from 46.8 + 6.3 pg/ml (WT)
to 28.7 = 7.2 pg/ml (CQ) and 8.2 + 3.7 pg/ml (5-FU + CQ).

3.8. Dcs treated with lysate enhanced the in vitro generation of CTLs

Our analysis of cytotoxic T lymphocytes was restricted to the ex-
pression of perforin and granzyme B molecules. We tested the efficiency
of HCT-116 lysate-treated DCs to generate autologous tumor-reactive T
cells. We found that lymphocytes cultured with DCs exposed to lysates
of HCT-116 cells treated with 5-FU + CQ induced the generation of
lymphocytes with higher levels of perforin and granzyme B than in
those cultured with control DCs (Fig. 5). No differences were observed
upon labeling with anti-CD107a (data not shown).

3.9. Transcriptional changes associated with autophagy blockade

To better understand the increase of DC maturation associated with
blocking autophagy, we evaluated HCT-116 cells treated with 5-FU, CQ
and their combination. The gene fold change was used to identify sig-
nificant differences in gene expression among the groups (Table 2). CQ-

treated cells showed a modest increase in the expression of the autop-
hagy genes ATGs, SQSTM1, MAP1LC3B, and ULK1 and a considerable
decrease in genes related to tumor progression (BNIP3, BNIP3L, FOSL2,
HES1, LAMB3, LOXL2, NDRG1, P4HA1, and PIK3R2), as well as a de-
crease in nominal tumor antigens (members of the CEA family).
Treatment with 5-FU induced an increase in autophagy genes. In con-
trast with the CQ group, we did not observe such an intense decrease in
the genes related to tumor progression, while the expression of CEA
genes was increased. Cells treated with 5-FU + CQ showed an in-
creased expression of autophagy genes, as well as an increase in genes
of the CEA family. Unlike the 5-FU group, the expression of genes as-
sociated with tumor progression was decreased.

4. Discussion

The development of resistance to antitumor agents is one of the
primary challenges of modern cancer therapy. Here, we investigated
the effects of treating tumor cells with a combination of 5-FU and CQ.
The concentration of 20 uM 5-FU was chosen because it was the lowest
concentration capable of inhibiting tumor growth and may, therefore,
represent a suitable in vitro model of the metronomic dose used in the
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Fig. 4. Improved DC antigen-presenting function induced by lysates of HCT-116 treated with 5-FU + CQ. DCs were exposed to HCT-116 lysates and cocultured with
allogeneic lymphocytes for 5 days. Growing total lymphocytes (CD3 + cells) were quantified by flow cytometry (A), as were CD4+ and CD8+ cells (B; C) (N = 9; *
p < 0.05; ** p < 0.01). The CD4+ and CD8+ T lymphocytes were further analyzed separately for the expression of CD69 (activation marker) and PD-1 (regulatory
molecule) (D-G; * p = 0.05; ** p = 0.02). MLR supernatants were collected and analyzed for the secretion of IFN-y (H) and IL-10 (I) by ELISA (*** p < 0.01).

clinic [31]. Although CQ has previously been applied in combination LC3-II. The analysis of SQSTM1 expression is consistent with con-
with several antineoplastic agents, a study using low concentrations of stitutive autophagy in HCT-116 cells [34].

the drug has not yet been reported. Autophagy induction by 5-FU was also confirmed by transcriptome

Increased LC3-1I and SQSTM1 levels are currently used as suitable analysis that showed an increase in expression of the autophagy-asso-
markers of effective autophagy inhibition. When autophagy is blocked ciated genes ATGs, SQSTM1, MAP1LC3B, BECN1, and ULK1. Their
by CQ, LC3-II accumulates [32]. SQSTM1 binds to ubiquitinated pro- expression was enhanced when applying the combination of 5-

teins, especially LC3-II, forming part of the autophagosome wall. Thus, FU + CQ. The increased expression of LC3B and BECN1 under stress
if autophagy is enhanced, SQSTM1 is degraded. Inhibiting autophagy conditions is consistent with previous reports [35,36].

promotes the accumulation of SQSTM1, as well as LC3-II [33]. Low Ultrastructural analysis revealed that the untreated control cells had
concentrations of 5-FU increased autophagy in HCT-116 cells, while CQ negligible expression of autophagosomes and autophagolysosomes,
was able to inhibit the process, as evidenced by the accumulation of while those treated with CQ showed increased numbers of
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Fig. 5. In vitro generation of cytotoxic T
lymphocytes (CTLs) is improved by DCs
exposed to lysates of HCT-116 previously
treated with 5-FU + CQ. Mean fluorescence
intensity (MFI) of proliferating CD8+ cells
(A) of four healthy donors at individual ef-
fector:target ratios (3.25:1, 7.5:1, and 15:1).
These lymphocytes showed higher expres-
sion levels of the cytotoxicity markers per-
forin (MFI 15:1 ratio, 5-FU + CQ > WT
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Table 2
Fold change expression of selected genes by tumor cells, comparing untreated
cells (WT) with those treated with CQ, 5FU or CQ + 5FU.

Gene functions Gene name WTvs CQ WTvs5- WTvs
FU 5-FU + CQ

Autophagy- ATG12 1.7 3.2 7.1
ATGS 19 4.5 6.4
MAP1LC3B 1.8 23 57
ULK1 1.2 2.4 5.2
SQSTM1 21 1.9 4.8
BECN1 0.8 5.8 2.5
BNIP3 —4.36 -1.36 -4.11
BNIP3L —4.06 -1.2 -3.85

Cell adhesion CEACAMS -0.9 1.5 8.4
CEACAM6 =13 2.4 6.5
CEACAM7 —-21 1.7 5.2
CEACAM1 =12 21 5.7
HES1 -3.16 -05 =71
FOSL2 —4.72 =0.72 -3.6
NDRG1 —10.43 -1.43 -6.11

Catalytic activity PIK3R2 -12 -3.97 -4.2
PGK1 —-2.59 -0.2 -2.59
LOXL2 -4.8 -0.9 -2.85
PGK1 —2.59 -0.2 -2.59
ALDOC -8.14 -1.14 —7.52
ANGPTL4 —6.25 -1.25 -5.93

Structural molecule LAMB3 —4.26 -0.76 -3.59

activity
Heat shock proteins HMGB1 1.02 1.9 1.12
and HMGBs HMGB2 0.98 1.87 1.05

HMGB3 0.2 0.5 0.347
DNAJB1 117 1.5 0.85
(HSP40)
HSP1A 2.67 2.82 3.38
(HSP70)
HSP90AB1 1.45 2,97 1.52
(HSP90)

Oxidoreductase P4HA1 —6.53 =1 -6.89

RNA binding PCBP1 1.2 2.86 8.26

autophagosomes in the cytoplasm. Cells treated with 5-FU showed an
evident increase in the number of autophagolysosomes containing de-
graded material, indicating the induction of autophagy and the com-
pletion of the process, consistent with prior reports [28-30,37,38]. The
combined treatment of CQ and 20 puM 5-FU induced intense accumu-
lation of cytoplasmic vesicles in several stages, especially autophago-
somes containing undigested material. We also found cells with signs of
autophagic and apoptotic death, such as cytoplasmic vacuolization,
chromatin rarefaction (reduction of heterochromatic groups associated
with the nuclear envelope), altered mitochondrial morphology (dilation
of the cristae), and dilation of the nuclear envelope, which also agrees
with previous reports [39,40]. This phenomenon was confirmed by the
observation that CQ + 5-FU treatment strongly reduced cell pro-
liferation and induced early apoptosis in tumor cells, although CQ or 5-
FU alone had no apparent effect on cell viability. 5-Fluorouracil induces
apoptosis in cancer cells [41], and the inhibition of autophagy by CQ
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N ~ (p < 0.05)) and granzyme B (MFI 7.5:1

ratio, 5-FU + CQ > WT (p < 0.05); MFI
15:1 ratio, 5-FU + CQ > WT (p < 0.05))
compared to the WT control group.

can potentiate the cytotoxicity of 5-FU. This occurs because the accu-
mulation of vesicles in the cytoplasm due to incomplete autophagy can
cause oxidative stress and lead to cell death. Based on this information,
we aimed to confirm whether the toxicity of low 5-FU concentrations
would be enhanced by CQ. In this study, the apoptosis and cell death
results showed that 5-FU + CQ increased the levels of early apoptosis
even though the drug concentrations had only a negligible effect if
applied alone.

Analyzing the effects of CQ + 5-FU treatment on the im-
munogenicity of tumor cells revealed that DC exposure to the lysate of
HCT-116 cells treated with drug enhanced the maturation of antigen-
presenting cells. DC maturation is required for increased antigen-pre-
senting ability and is accompanied by phenotypic changes, such as in-
creased expression of MHC class II and co-stimulatory molecule ex-
pression. CD40, CD80, and CD86 expression are essential for T
lymphocyte stimulation [42]. In addition to being a maturation marker,
CD83 modulates the immune response by stimulating both naive and
memory T cells [43]. CD83 expression was also enhanced by the drug
combination. Although apoptotic cell death is considered non-im-
munogenic or weakly immunogenic, it is possible that apoptosis in-
duced by the blockage of autophagy results in the expression of danger
signals (e.g., DAMPs) that are usually not expressed during physiolo-
gical apoptosis. In a parallel study, we observed that exposing HCT-116
cells to low concentrations of paclitaxel induces the expression of HSP-
70 and 90 (unpublished data). In the present study, we observed a small
increase in the expression of HSP-70 but irrelevant changes in the HSP-
90 and HMGB genes. These findings indicated that the enhanced ability
to sensitize DCs is mainly due to the increased expression of the tumor-
associated genes of the CEA family (CEACAM 1, 5, 6, and 7).

In another study, we found that exposing HCT-116 cells to low doses
of paclitaxel or doxorubicin increased the expression of several genes
associated with enhanced tumor immunogenicity [11]. Total RNA ex-
tracted from HCT-116 colorectal cancer cells treated with 5-FU was
more immunogenic when transfected into DCs [44]. Exposing tumor
cells to other drugs such as paclitaxel and doxorubicin increases the
expression of the antigen processing machinery via the cytosolic route,
such as TAP1, tapasin, and calnexin [11]. This view is reinforced by the
observation that chemical stress triggers the cell surface expression of
calreticulin (CALR) [12], another molecule promoting the antigenic
processing of tumor cells. Interestingly, CALR moves from the en-
doplasmic reticulum (where it functions as an APM component) to the
cytoplasmic membrane, where it serves as a potent activating signal.
CALR, together with HMGBI, plays an important role in the phenotypic
maturation of DCs, increasing HLA-DR, CD80, and CD86 expression and
functional maturation, as well as enhancing the secretion of IL-12 and
INF-y [45].

This enhancing effect on tumor cell immunogenicity was reinforced
by our demonstration that the cell lysates had a functional effect on
DCs. Indeed, the mixed lymphocyte reaction (MLR) allowed us to de-
monstrate that the phenotypic changes observed in DCs are accom-
panied by an improvement in their ability to stimulate allogeneic
lymphocytes. Specifically, DCs sensitized with the lysates of HCT-116
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cells treated with 5-FU + CQ promoted the enhanced proliferation of
lymphocytes in the MLR.

The more intense proliferative effect on CD4+ T lymphocytes is
also in agreement with their ability to interact with the HLA-DR mo-
lecules expressed by DCs. Furthermore, the increased proliferation of
CD8+ T lymphocytes suggests the generation of cytotoxic T lympho-
cytes that are specific for tumor cells (since their proliferation was
stimulated by DCs sensitized with HCT-116 lysates). Aiming to confirm
that the combination of 5-FU and CQ can stimulate the proliferation of
CD8 + lymphocytes, we performed a CTL assay, which, unlike the MLR,
tests the ability of DCs to stimulate the proliferation of autologous
CD8+ lymphocytes that target tumor cells [46]. Our main difficulty
when evaluating the direct cytotoxicity of CTLs against target cells is
that HCT-116 cells are adherent, but most available assays for this
purpose work well for cells in suspension and are not reliable for ad-
herent cell types. There are some chemiluminescence-based assays for
this, but we were unable to acquire the appropriate kit. Therefore, we
decided to evaluate the expression of perforin and granzyme B by CTLs
challenged with tumor target cells, following the methodology pro-
posed by Betts et al [47]. These proteins are considered to be functional
markers in cells with cytotoxic capacity [48]; perforin polymerization
perforates the target cell membrane, while granzyme B induces apop-
tosis [49]. As expected, we found increased expression (i.e., increased
mean fluorescence intensity; MFI) of both perforin and granzyme B in
the CD8 + population induced by DCs sensitized with 5-FU + CQ ly-
sate.

We also observed that lymphocytes generated in response to sensi-
tized DCs expressed higher levels of the ‘very early antigen’ CD69,
which is associated with the effective stimulation of lymphocytes by
antigen-presenting cells [50]. Consistently, lymphocytes stimulated
with DCs exposed to 5-FU + CQ lysates induced earlier and more po-
tent T cell activation. The findings also indicated that there was no
selective activation of CD4+ or CD8+ T cells, since the percentage of
CD69 + cells was increased in both subpopulations. Accordingly, these
same treatments resulted in a reduced generation of PD-1 + cells among
CD4+ T lymphocytes. PD-1 is a member of the CD28 family, and its
primary function is to limit clustering of the TCR and costimulatory
molecules within the immunologic synapse. PD-1 expression is in-
creased in the T cells of patients with pancreatic cancer, lung cancer,
and various leukemias and lymphomas [51]. Therefore, PD-1 expres-
sion in T cells and PD-L1 expression in tumor cells constitute a tumor
escape mechanism. We observed reduced PD-1 expression on the ex-
panding lymphocytes cocultured with DCs. This aspect is particularly
interesting because the signals associated with PD-1 and PD-L1 are
among the main checkpoint blockades of the antitumor response.
Hence, in addition to the anti-CTLA-4 antibody, the anti-PD-1 anti-
bodies [52] are mainstays of modern antitumor immunotherapy.

The lymphocytes cultured with DCs sensitized with drug-exposed
tumor cells produced higher amounts of IFN-y than controls while
showing decreased production of IL-10. Naive CD4+ and CD8 + lym-
phocytes can differentiate into specific effector T cells with different
functions that are attributed, in part, to the pattern of cytokines they
produce [53]. CD4 + T cells can differentiate into Th1 cells that release
IFN-y and TNF-a to stimulate the generation of CD8+ cells; in this way,
Th1 cells are involved in the development of the antitumor immune
response. Interferon y also recruits monocytes, inducing the differ-
entiation of CD4+ T lymphocytes into Th1 lymphocytes [54,55]. IL-10
is a DC-inhibiting cytokine that can be secreted by both Tregs and Th2,
inhibiting antigen presentation, and decreasing the expression of MHC
II and the co-stimulatory molecules CD80 and CD86 [56]. Thus, DCs
under the combined treatment promoted preferential activation of Th1l
lymphocytes, with little Th2 or Treg stimulation. An analysis of other
cytokines, such as IL-12, IL-2, TNF, IL-4, IL-6, IL17, and IL-23, would be
useful to provide a clearer view regarding how the different treatments
affect the modulation of T cell subsets. The quantification of these cy-
tokines should be considered in future studies.
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Finally, the evidence that the combination of 5-FU and CQ can
modulate tumor cell biology, as can the corresponding HCT-116 lysate,
is reinforced by the increased expression of genes of the tumor-asso-
ciated CEA family (CEACAM 5, 6, and 7), as previously reported [57],
and the decreased expression of genes associated with tumor progres-
sion (BNIP3, BNIP3L, FOSL2, HES1, LAMB3, LOXL2, NDRG1, P4HA1,
and PIK3R2).

5. Conclusion

Taken together, our results indicate that blocking autophagy with
chloroquine increases the ability of tumor cells to mature DCs that can
induce an antitumor response. In addition, these results confirm the
clinical application of this protocol for improving the in vitro stimula-
tion of DCs, as well as the use of combined anti-autophagic agents and
conventional chemotherapeutic agents for the treatment of patients
with colorectal cancer.
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ARTICLEINFO ABSTRACT

Keywords: Cytotoxic drugs remain the first-line option for cancer therapy but the development of drug-resistance by tumor
Autophagy cells represents a primary obstacle for successful chemotherapy. Autophagy is a physiological mechanism of cell
Cancer survival efficiently used by tumor cells to avoid cell death and to induce drug-resistance. It is a macromolecular
g::zg:::;:;ce process, in which cells degrade and recycle intracellular substrates and damaged organelles to alleviate cell stress

caused by nutritional deprivation, hypoxia, irradiation, and cytotoxic agents, as well. There is evidence that
autophagy prevents cancer during the early steps of carcinogenesis, but once transformed, these cells show
enhanced autophagy capacity and use it to survive, grow, and facilitate metastasis. Current basic studies and
clinical trials show the feasibility of using pharmacological or molecular blockage of autophagy to improve the
anticancer therapy efficiency. In this review; we overviewed the pathways and molecular aspects of autophagy,
its role in carcinogenesis, and the evidence for its role in cancer adaptation and drug-resistance. Finally, we
reviewed the clinical findings on how the autophagy interference helps to improve conventional anticancer

Tumor escape

therapy.

1. Introduction

Cancer is the second-leading cause of death worldwide, just behind
coronary diseases, killing more than 56.9 million people in 2019 [1].
Breast, prostate, lung, and colon cancers are the most prevalent malig-
nancies [1], and chemotherapy is the primary treatment option for
inoperable tumors. Platinum compounds, taxanes, fluorouracil, doxo-
rubicin, and methotrexate, among others, are used to treat various
cancer types [2], usually at the maximum tolerable dose, aiming to kill
massive numbers of tumor cells. However, because chemotherapeutic
drugs also kill healthy cells, an interval is necessary between consecutive
drug applications to alleviate the side effects and allow patients to
recover. During this interval, the serum levels of chemotherapeutic
agents fall, allowing the growth of drug-resistant tumor cells and
resulting in future disease relapse [3]. One mechanism used by tumor
cells to develop resistance against chemotherapeutic agents is auto-
phagy, a highly conserved physiological process that allows tumor cells
to avoid damage and death.

The term autophagy was coined by de Duve in 1963 [4] and was

defined as “self-eating” at the subcellular level by Klionsky [5]. Auto-
phagy refers to a conserved cellular degradation process, during which
portions of the cytosol and damaged organelles are sequestered into
double-membrane vesicles, called autophagosomes. These vesicles fuse
with lysosomes, which subsequently degrade and eventually recycle the
existing macromolecules [6-8]. Under nutrient-rich conditions, cells
engage in consistent, low-level autophagy (known as basal autophagy)
to control the quality of the intracellular environment, providing tissues
with cytoplasmic recycling mechanisms that allow the removal of
damaged or unnecessary organelles [9]. In contrast, cells under various
stress conditions, such as nutrient deprivation, hypoxia, intracellular
infections [7,10], or exposure to cytotoxic drugs [6], rapidly increase
autophagy to maintain the amino acid pool within the cytoplasm.
Cellular processes, including protein synthesis de novo, energy produc-
tion, and gluconeogenesis [11], require these recycled materials to
maintain cellular ATP production.

Three different forms of autophagy have been described: macro-
autophagy, microautophagy, and chaperone-mediated autophagy [8].
Macroautophagy (here just referred to as autophagy) is the most well-
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characterized form and is defined as the sequestration of bulk cytoplasm
and organelles into double-membrane vesicles, called phagophores [8].

Phagophores originate from the endoplasmic reticulum and expand
into autophagosomes, which subsequently fuse with lysosomes to form
autophagolysosomes. Inside autophagolysosomes, damaged organelles
are degraded by lysosomal hydrolases, and the resulting ATP and pep-
tides are eventually recycled to maintain cell viability [8]. In contrast,
microautophagy involves the direct uptake of cytoplasmic substrates
into the lysosome, through the invagination of the lysosomal membrane
[12], whereas chaperone-induced autophagy involves the shuttling of
soluble proteins into the lysosome via lysosomal chaperone proteins,
such as Hsc70 [8,13].

1.1. Molecular aspects of autophagy

Autophagy involves the orchestrated activation of highly conserved
genes and is controlled by two pathways that share the same target and
are involved in regulating cell growth and metabolism: the mTOR
(mammalian target of rapamycin) and the AMPK (AMP-activated pro-
tein kinase) signaling pathways. Under normal nutrient availability, the
mTOR pathway acts through the mTOR complex I (mTORCI) to phos-
phorylate autophagy-related (ATG)13, causing the disaggregation of the
Unc-51-like autophagy-activating kinase 1 (ULK1) complex [formed by
ULK1, ATG13, and FAK family kinase-interacting protein of 200 kDa
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(FIP200)]. Because ULK1 is required to form autophagosomes, its
disaggregation can prevent autophagy. Under cell starvation conditions,
mTOR phosphorylation is inhibited, allowing the ULK1 complex to
remain intact and able to initiate autophagosome formation [5,8].
Under cellular stress conditions, liver kinase B1 (LKB1) activates the
AMPK pathway, which then acts on two fronts: 1) stimulating autophagy
through the dephosphorylation and inhibition of mTORC1; and 2)
phosphorylating and activating the ULK1 complex, initiating the auto-
phagic process [14].

Thus, one of the first genes activated by autophagy stimulating sig-
nals is BECN1 that encodes beclin-1. This protein produces phosphati-
dylinositol 3-phosphate [PI(3)P], which is essential for phagophore
formation and the initiation of the autophagosome. Two models have
been described to explain the biogenesis of phagophores. The first
model, called the maturation model, states that phagophores are derived
from pre-existing endoplasmic reticulum (ER) membranes, and this
theory is supported by electron microscopy evidence indicating that the
phagophore membrane thickness is similar to that of the ER membrane
[5]. The second model, called the assembly model, is commonly
observed in yeast cells and states that phagophores are assembled de
novo, from lipids in the cytoplasm, to form a pre-autophagosomal
structure (PAS) [15] that eventually forms phagophore and autopha-
gosome membranes. Green fluorescent protein (GFP)-labeled anti-LC3
antibodies have been used to show that PAS plays a crucial role
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Fig. 1. The molecular control of various steps in the autophagy pathway and the roles played by drugs that activate or inhibit autophagy-associated pathways.
Autophagy is triggered by several types of cellular stress, inducing the synthesis of beclin-1 and forming the VPS34 complex, which initiates phagophore formation
(1). Autophagosomes, containing damaged organelles and cytosolic proteins (2), fuse with lysosomes (3) to initiate degradation and nutrient recycling (4). Anti-
tumor chemotherapeutic drugs, such as 5-fluorouracil, trigger autophagy by stimulating AMPK and nuclear p53, whereas taxanes act on beclin-1 to induce the
nucleation of phagophores. Autophagy can be pharmacologically inhibited during the early stage by blocking mTOR (e.g., 3-methyladenine, rapamycin, and
everolimus) or preventing the final step of autophagolysosome formation (e.g., quinones, bafilomycin Al, and doxorubicin).
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immediately prior to and during the formation of autophagosomes in
yeast. Regardless of which proposed model is used, autophagy can be
summarized by four steps: nucleation, elongation, maturation, and
degradation, as illustrated in Fig. 1.

1.1.1. Nucleation

Nucleation refers to the initial formation of autophagosomes and
requires the VPS34 complex [BECN1, vacuolar protein sorting (VPS34),
ATGI14L, and VPS15]. This complex is formed and regulated by the ul-
traviolet (UV) irradiation resistance-associated gene (UVRAG) and
generates PI(3)P through the phosphorylation of phosphatidylinositol
(PI) at position 3 of the inositol ring. The accumulation of PI(3)P gen-
erates a platform for the recruitment of effector proteins. PI(3)P-binding
proteins (ATG2-ATG18) then form an isolation membrane that seques-
ters autophagy substrates [16,17] (Fig. 1 — step 1).

1.1.2. Elongation

It refers to the closure of the isolation membrane to form autopha-
gosomes. This process requires the conjugation of ATG proteins,
resulting in the sequestration of cytoplasmic constituents. PI(3)P re-
cruits the ATG5 complex, consisting of ATG12, ATG5, and ATG16,
which conjugates LC3-I to phosphatidylethanolamine (PE), generating
LC3-II, which increases the stability of the elongating autophagosome by
recruiting microtubule-associated proteins, in a process similar to using
bricks to build a wall (Fig. 1 - step 2).

1.1.3. Maturation (fusion)

The molecular mechanisms that underlie autophagosome maturation
remain largely unknown; however, according to some theories, this
process is mediated by tectonin beta-propeller repeat-containing 1
(TECPR1), located in lysosomes, which binds to the ATG5 complex and
PI(3)P to promote autophagosome-lysosome fusion and stability (Fig. 1
— step 3). Alternatively, autophagosomes can fuse with endosomal ves-
icles, such as endosomes and multivesicular bodies, to form amphi-
somes, which ultimately fuse with lysosomes.

1.1.4. Degradation

Following the fusion of autophagosomes with lysosomes, the
sequestered materials are hydrolyzed, and cargoes and the inner auto-
phagosome membrane are degraded by lysosomal enzymes. Breakdown
products are released into the cytosol for further recycling (Fig. 1 — step
4).

2. The dual role played by autophagy in cancer

Autophagy and autophagic defects have been implicated in a variety
of diseases, including neurodegeneration [18], myopathy [19], Crohn’s
disease [20], and cancer [21]. However, the role played by autophagy in
carcinogenesis remains controversial, and evidence exists to suggest that
autophagy can both suppress tumor transformation [22,23] and pro-
mote or facilitate tumor cell survival and adaptation [22,24,25]. Over-
all, autophagy appears to play a protective role during the early stages of
tumor development, regulating oncogenic genes and molecules in
normal cells, whereas established cancer cells appear to benefit from
autophagy.

2.1. Autophagy as a tumor prevention mechanism

One of the most important links between autophagy and tumor
suppression is the regulation of reactive oxygen species (ROS). Increased
ROS production induces nitration and deamination reactions with DNA
bases, accelerating mutagenesis, increasing the activation of oncogenes,
and stimulating carcinogenesis [26]. Mitochondria are considered the
primary source of intracellular ROS, and the production of ROS in-
creases as these organelles age or become damaged. Autophagy can
prevent the accumulation of damaged mitochondria through the
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selective degradation of defective mitochondria (known as mitophagy)
[27]. Thus, the selective removal of damaged mitochondria can prevent
excessive ROS production and limit tumor-promoting effects. Accord-
ingly, autophagy inhibition leads to the accumulation of defective
mitochondria, with consequent cell transformation [28].

Evidence for this protective role of autophagy can be found not only
at the mitochondrial level but also at the cellular level. An analysis of the
biological changes induced by autophagy inhibition in the gastric cancer
cell lines SGC-7901 and MGC-803 revealed that BECN1 silencing (using
short hairpin mRNA inhibitors, sShBECN1) promoted the epithelial-
mesenchymal transition, as demonstrated by the expression of N-cad-
herin, E-cadherin, vimentin, epithelial cell adhesion molecule (EpCAM),
and Snail [29]. Furthermore, immunohistochemical analyses showed
that autophagy inhibition increased the expression levels of hypoxia-
inducible factor (HIF)-lax and E-cadherin by activating the ROS/nu-
clear factor (NF)-kB/HIF-1a pathway in both cell lines, due to the
intracellular ROS accumulation caused by autophagy blockage [30]. Ina
murine model (SGC-7901), a much higher number of metastatic nodules
was observed for shBECN1-treated cells compared with non-silenced
cells. In accordance with these findings, the induction of BECNI
knockout in adult mice results in decreased autophagy events and the
increased incidence of lymphomas and carcinomas, indicating that
autophagy can prevent the development of cancers [30].

Mutations in UVRAG, a protein that recruits BECN1 to increase
autophagy, interferes with its tumor-suppressing functions and en-
hances the transformation of colorectal cancer cells, as observed in
many human colon cancer cell lines (HCT15, HCT116, KM12, LIM2405,
LS180, and RKO) [24]. This evidence suggests a prominent protective
role for BECN1. However, the sequencing analysis of almost 10,000
human tumor samples, obtained from 24 different types of tumors in The
Cancer Genome Atlas (TCGA) database, showed that the most common
deletions identified in breast and ovarian cancers were long deletions in
the BECN1 genes, together with BRCA1 on chromosome 17921, and
short deletions of BRCA1 only but not BECN1 [31]. These findings agree
with the study that reported that the BRCA1 mutation represents a
primary mutation in breast and ovarian cancers [32]. This phenomenon
may be due to the proximity of BECN1 and BRCA1 in the 17q21 region,
suggesting that the BRCA1 deletion represents the primary driver mu-
tation and, therefore, BECN1 represents a passenger mutation [31,33].

Autophagy is also the process used to degrade protein aggregates,
and defective autophagy can cause the accumulation of both protein
aggregates and the autophagy substrate p62/sequestosome 1 (SQSTM1).
p62 contains three regions: Phox and Bem1 (PB1), ubiquitin-associated
domain (UBA), and LC3-interacting region (LIR). The PB1 domain en-
ables p62 oligomerization, UBA is required for p62 to bind poly-
ubiquitinated proteins, and LIR is necessary for p62 to associate with
LC3 and phosphatidylethanolamine (PE) to form LC3-II [34]. p62 also
activates NF-kB, initiating cell growth, inflammation, cell survival, and
the promotion of antioxidant defense mechanisms [35]. In addition, the
interaction between p62 and regulatory-associated protein of mTORC1
(RAPTOR) promotes the nutrient-sensing and cell growth activities of
mTORC1 [23]. These interactions suggest that p62 plays various roles in
cancer cell differentiation, inflammation, metabolism, and growth.
Interestingly, reduced autophagy results in the accumulation of p62 in
breast and prostatic tumors, suggesting an association between reduced
autophagy and carcinogenesis [36,37]. This accumulation was also
observed in a variant of Hep-2 cells (a human laryngeal carcinoma line),
which were resistant against three commonly used chemotherapeutic
drugs: cisplatin, 5-fluorouracil (5-FU), and docetaxel (DTX). The resis-
tant cell variant was found to present high levels of autophagy, and these
cells accumulated large amounts of ROS and p62 compared with drug
treatment-susceptible Hep-2 cells [38].

2.2. Tumor-promoting role of autophagy

In contrast with the above evidence, which suggested that autophagy
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protects cells from malignant transformation, several studies have
implicated autophagy in the escape from anti-tumor responses. Tumor
cells generally display high proliferation rates, translating into increased
bioenergetic and biosynthetic requirements compared with non-
transformed cells. These requirements can be satisfied by increasing
autophagy levels as a mechanism for obtaining both ATP and metabolic
intermediates [25]. Therefore, tumor cells may trigger autophagy as a
strategy for overcoming adverse conditions more intensely than normal
cells to maintain viability.

During a ten-year prospective study, LC3-II expression was investi-
gated in 202 clinical samples from patients with colon cancer metastasis.
The authors found an 87.19% positive rate for this gene among the
collected tissue samples [39]. High expression levels of LC3-II were also
found in 40 of 54 tissue samples obtained from patients with hypo-
pharyngeal squamous cell carcinoma, characterized by metastasis and
poor overall survival [40].

The role played by p53 in autophagy is ambiguous and remains un-
clear. Gene p53, sometimes referred to as the “guardian of the cell
genome”, inhibits the cell cycle, preventing the progression of mutated
cells. Therefore, defects, mutations, or the suppression of p53 can result
in genomic instability and facilitate the survival of tumorigenic cells, as
observed in many p53-transformed cells [41]. In addition, autophagic
cells degrade a portion of the available cytoplasmic p53 protein, facili-
tating carcinogenesis [42].

In contrast, increased autophagic flux was observed in p53* HCT-
116 colon cancer cells under starvation conditions but not in p53’/ -
variants of the same cell line [43], suggesting that p53 may be one of the
genes involved in triggering autophagy. These conflicting data may be
due to the subcellular location of p53. Nuclear p53 works as a nuclear
factor to promote autophagy since it activates AMPK (autophagy
inducer), which inhibits mTOR (the primary autophagy regulator [44].
On the other hand, cytoplasmic p53 operates in the mitochondria to
repress autophagy and promote cell death [42]; therefore, the lack of
p53, due to deletion, mutation, or the inhibition of gene expression,
would allow tumor cells to activate autophagy and survive under
adverse conditions, which is supported by the observation that the in-
hibition of cytoplasmic p53 degradation prevents autophagy in a variety
of cancer cell lines, including HCT116 (colon) and MCF7 (breast) [45].

The activated oncogene, Ras, has also been associated with high
levels of basal autophagy in tumor cells that depend on this mechanism
for survival [46,47]. Ras-activating mutations have been identified in
33% of all human cancers [48] and are linked to the development of
some of the most lethal cancers, including lung, colon, and pancreatic
cancer [46]. Ras activation is initiated by cell surface receptors, which
induce RasGEFs (guanine-nucleotide exchange factors), exchanging
GDP for GTP, and activating Ras. Once activated, Ras stimulates diverse
downstream effectors that trigger an array of cell signaling networks,
including the AMPK autophagy pathway [49]. Because Ras acts as a
positive signal in the mTOR pathway, this gene was expected to nega-
tively regulate autophagy. However, the multifaceted role played by Ras
during autophagy regulation is exemplified by the in vitro finding that
cell lines with Ras-activating mutations exhibit high levels of basal
autophagy and marked autophagy-dependent survival under nutrient
deprivation conditions [50]. Ras silencing promotes the accumulation of
dysfunctional mitochondria, along with low oxygen consumption and
decreased cell growth [27]. Overall, current evidence has indicated that
autophagy serves as a mechanism to ensure mitochondrial metabolism
in Ras™ cancers by supplying mitochondrial intermediates produced by
the degradation of macromolecules, under both basal and starvation
conditions [47].

Also contributing to tumor growth, increased levels of ULK1 were
observed in two independent cohorts of patients with nasopharyngeal
carcinoma, indicating a correlation between the high expression level of
this protein and resistance to therapy, whereas lower ULK1 levels were
observed in patients those patients who had a good therapeutic response
[51]. These findings suggested that high ULK1 expression may be closely
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associated with an aggressive nasopharyngeal carcinoma profile.
Because ULK1 (one of the three primary genes required for phagophore
formation) is regulated by the mTOR complex, increased levels of ULK1
result in increased levels of autophagy and the consequent facilitation of
tumor cell growth [25] (Fig. 1).

2.3. Autophagy and metastasis

Metastasis describes a multifactorial process that involves various
genetic, epigenetic, and microenvironmental factors, both at the pri-
mary tumor site and in metastasis target organs. Metastatization re-
quires cells of the primary tumor to acquire the ability to migrate and
settle in adjacent or distant organs. It is a systemic process that includes
changes in the target organs that co-evolve with the primary tumor,
preparing them for receiving metastatic cells and sustaining their
growth. These sites, called “pre-metastatic niches” show changes in the
extracellular matrix and the establishment of an immunosuppressed
microenvironment with the recruitment of numerous stromal cell types,
population with regulatory immune cells such as myeloid-derived sup-
pressor cells (MDSC) and Tregs, and the release of growth factors and
regulatory cytokines [52,53].

A primary way for migration and communication that is used by
metastatic tumor cells is the production of exosomes, which are small,
membranous vesicles derived from the endosomal system, especially
from late endosomes and multivesicular bodies, and are subsequently
secreted through fusion with the plasma membrane [54]. Exosomes
contain soluble factors, such as cytokines, integrins, and growth factors,
but are also capable of releasing mRNA and microRNA [54,55].

Because autophagy acts as a component of the endolysosomal
membrane system, the autophagy machinery is likely related to exosome
production [56]. Therefore, blockade of autophagy in tumor cells may
be associated with the upregulated release of exosomes that condition
pre-metastatic niches. In a recent study, we observed that the treatment
of HCT-116 colon cancer cells with a low concentration of 5-FU resulted
in tumor cells that release twice the concentration of exosomes produced
by untreated cells. These tumor exosomes play a regulatory role in
autologous dendritic cells (DC), reducing their ability to induce cyto-
toxic T cells and increasing the frequency of PD-1+ lymphocytes
(Romagnoli GG - personal communication).

Another important factor related to metastasis is the occurrence of
cancer stem cells (CSCs), which are also responsible for tumor growth,
relapse, and the development of drug resistance [57]. CSCs have been
identified in several solid tumor types [58], as immortal tumor-initiating
cells with self-renewing and pluripotent capacity [59]. Several chemo-
resistance mechanisms have been identified in CSCs [60], including
autophagy, as recently reviewed by Smith and Macleod [61]. For
instance, mutated beclin-1 is crucial for the maintenance of CSCs and
tumor development in athymic mice, highlighting the role played by
autophagic pathways in CSC maintenance and, consequently, tumor
survival and growth [62]. Gastric CSCs show high levels of the auto-
phagic marker LC3-II and the increased expression of Notch-1. The
treatment of these cells with 5-FU, combined with chloroquine (CQ) and
a Notch-inhibitor, significantly decreased cell viability, indicating that
autophagy regulates 5-FU sensitivity in gastric CSCs via the Notch
signaling pathway [63].

In a similar study, the assessment of autophagic levels in ovarian
CSCs obtained from patients with epithelial ovarian cancer showed
increased levels of LC3-II in high-level CD44" and CD117" cells (which
are markers of CSCs). The treatment of these cells with CQ and the
silencing of ATG5 reduced both cell viability and the ability to form
spheroidal structures in vitro. Furthermore, the combination of CQ and
carboplatin displays synergistic effects on CSCs, in vitro, reducing the
diameter and quantity of spheroidal tumor cells and decreasing the
volume of the tumor mass and the percentage of CD44/CD117" CSCs,
as measured by flow cytometry in in vivo models. These results
demonstrated that autophagy plays a crucial role in CSC maintenance
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and that autophagy blockade, combined with antineoplastic agents, may
represent an improved strategy for overcoming chemoresistance [64].

3. Tumor cells use autophagy to acquire resistance to
chemotherapeutic agents

In addition to its role in carcinogenesis progression, autophagy
promotes chemoresistance in tumor cells. Several commonly used
chemotherapeutic agents, including 5-FU, DTX, and paclitaxel (PTX),
can induce autophagy in tumor cells. 5-FU acts directly on AMPK and
p53 [65], which are autophagy-promoting genes, resulting in increased
autophagy events in tumor cells [66]. DTX and PTX bind to tubulin to
simultaneously promote tubulin assembly and inhibit disassembly. The
stabilization of microtubules leads to the inhibition of mitosis, resulting
in cell death [67] and the inhibition of tumor growth. Therefore, DTX
and PTX were expected to block autophagy; however, DTX directly in-
creases the expression of Bcl-2 and BECN1 [68], and PTX increases the
expression of BECN1 [69] and decreases p62 [70], inducing autophagy,
in both cases. We also have studied the effects of pharmacological
autophagy blockades, using a BAX /~ variant of HCT-116 cells, which
display lower levels of apoptosis than wild-type HCT-116 cells. Because
BAX controls the synthesis of the BCL2-associated X-protein, which
regulates beclin-1 activation, this knockout variant displayed levels of
autophagy than its wild-type counterpart. We observed that the
blockage of 5-FU-induced autophagy with hydroxychloroquine (HCQ)
increased the susceptibility of BAX /™ cells to 5-FU, suggesting that
autophagy depends on BAX expression to enhance chemotherapy sur-
vival (Gorgulho CM - personal communication).

When autophagy is stimulated, tumor cells can use it as a resistance
mechanism to escape drug treatment. Castration-resistant prostate
cancer cells are particularly resistant to conventional treatments [71].
Their susceptibility to DTX was evaluated when co-treated with either
inhibitors or activators of signal transducer and activator of transcrip-
tion 3 (STAT3), a negative regulator of autophagy. These cancer cells
were cultured for 24 h with DTX, and autophagy was evaluated by
measuring the levels of p62 and LC3-I/II and by electron microscopy.
The authors observed that STAT3 activators reduced autophagy and cell
viability, increasing mitochondrial damage and apoptosis, whereas
STATS3 inhibitors showed the opposite effects, leading to the conclusion
that the activation of autophagy promoted DTX-resistance [72].

In a preliminary study, we observed that both CQ and HCQ increases
the expression of pSTAT3 in HCT-116 cells exposed to 5-FU (analysis by
flow cytometry showed an increase from 62% to 87% and 97%, under
HCQ and CQ, respectively). These results fit with a decreased cell
viability and the arrest of the cell cycle in the GO/G1 phase (Zamame JA,
Sanzochi FC - personal communication).

The treatment of non-small-cell lung cancer lines A549 and Calu-3
with low concentrations of PTX (1, 3, and 10 pmol), combined with
the autophagy inhibitor 3-methyladenine (3-MA), prevented PTX from
increasing BECN1 expression and markedly decreased cell viability in
comparison with cells treated with PTX alone. Therefore, although PTX
stimulated autophagy and promoted the development of resistant vari-
ants, the use of autophagy inhibitors prevented the development of
chemoresistance [73].

To evaluate the effects of autophagy blockade in breast cancer, BT-
549, and MDA-MB-468 triple-negative cell lines were cultured with 5-
FU, DTX, or doxorubicin, to select chemoresistant variants. The anal-
ysis of cell viability and the expression of autophagy-related genes
showed that resistant variants (BT—459DOX20 and MDA-MB-4685-
FUZOO) expressed increased levels of BECN1, ATG5, and Bcl2-associated
athanogene 3 (BAG3). Autophagy inhibition, through bafilomycin Al
treatment or siRNA targeting ATGS5, decreased cell viability, and
autophagy-associated gene expression [74] (Fig. 1 — step 2).

Chemoresistance may also be associated with lysosomal effects,
which store enzymes capable of degrading cellular components affected
by chemotherapy. One of the primary factors associated with the
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development of chemoresistance is the transcription factor EB (TFEB),
which stimulates lysosomal biogenesis and positively regulates auto-
phagy by inhibiting the mTOR pathway. The role played by lysosomes in
chemoresistance was investigated in vitro, using LoVo and HelLa cells
that displayed increased TFEB expression levels after exposure to low
concentrations of doxorubicin. TFEB overexpression was stimulated by
transfection, with significantly decreased levels of apoptosis and cell
death observed for both cell lines. TFEB silencing by RNA interference
dramatically increased the level of cellular apoptosis, demonstrating a
correlation between chemoresistance and autophagy [75].

Evidence for the role of autophagy in the development of chemo-
resistance in clinical studies was also reviewed by Mele et al. [76], with
especial attention to targeted therapy. Clinical trials developed from
2015 to 2020 are summarized in Table 1. For instance, the analysis of
miR-489 and lysosome-associated transmembrane protein 4B
(LAPTM4B) expression in tissue samples obtained from 14 patients with
breast cancer showed that those with high miR-489 levels achieved
higher overall survival rates than those with low miR-489 levels. The
authors also found an inverse correlation between the expression levels
of miR-489 and LAPTM4B [77]. miR-489-mediated interference directly
acts on ULK1 and LAPTM4B, decreasing their expression levels and
reducing autophagy events. These two proteins have been associated
with phagophore formation and the lysosome and autophagosome
fusion, respectively, and are upregulated in various types of cancers
[78,79]. In this same study, using an experimental model, athymic nude
mice bearing the breast cancer cell line MDA-MB-231 were treated with
doxorubicin and miR-489, delivered by nanoparticles. Increased sensi-
tivity to doxorubicin and an improved capacity to control tumor growth
was observed in these animals compared with control animals [77].

Intending to use autophagy genes as biomarkers for cancer prog-
nosis, Koustas et al. analyzed the relationships between the levels of
various autophagy markers and overall survival in patients with colo-
rectal cancer. The immunohistochemical analysis of 68 clinical samples
from patients with colorectal cancer who underwent chemotherapeutic
treatment for twelve months showed that patients with low beclin-1
expression levels had a better therapeutic outcome, based on both
average survival (P = 0.001) and progression-free survival (P = 0.069),
compared with patients with high beclin-1 levels [80]. This result sug-
gests that autophagy proteins can be useful indicators of chemo-
resistance prognosis and tumor development.

All this information support that autophagy facilitates chemo-
resistance but there are some conflicting data. For instance, Yao et al.
cultured two lines of colon cancer cells, one of them susceptible to 5-FU
and the other a resistant variant able to grow in culture medium con-
taining the drug. Authors evaluated the amounts of acidic vesicular
organelles (AVOs) and the expression levels of ATG5, BECN1, and LC3-1/
II following challenge with 5-FU. They observed that the resistant
variant presented 100% viability when treated with 140 uM 5-FU. The
amount of AVOs and the expression levels of ATG5, BECN1, and LC3-1/11
in the resistant cells were lower than those observed in the sensitive
cells. The authors suggested that 5-FU susceptible cells use autophagy to
develop chemoresistance and, subsequently, no longer require auto-
phagy to maintain their viability, as demonstrated by the low levels of
autophagy observed in the resistant variant [81].

4. Therapeutic interference in autophagy

Based on these studies, the inhibition of autophagy may sensitize
cancer cells and increase the cytotoxic capacity of various anti-
neoplastic agents. Quinolones, such as CQ and HCQ, are the best-
known autophagy blockers and the only approved by the FDA for clin-
ical use. These drugs are primarily used as antimalarial medications and
their ability to block the union of the autophagosome with the lysosome,
allow them to interfere with the final step of autophagy (Fig. 1 —step 3).
Our group observed that CQ reverts autophagy induced by low con-
centrations of 5-FU in HCT-116 human colon cancer cells, making them
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Table 1
Clinical trials developed from 2015 to 2020 using autophagy inhibitors in combination with conventional chemotherapy/radiotherapy.
Disease (study phase) Treatment Rationale Results Ref.
Breast cancer (II) CQ CQ accumulates inside the lysosome causing 15% adverse reactions. [108]
lysosomal membrane permeabilization, inhibiting No significant differences between
autophagy, and leading to apoptosis. treatments.
Early-stage solid tumors (prostate, HCQ HCQ work in the same way as CQ being better Safe and well-tolerated treatment. [109]
lung, thyroid, and squamous cell tolerated by patients. Increase of autophagy and cancer
carcinoma) (I) biomarkers.
Pancreatic cancer (I/1I) HCQ + gemcitabine Blockage of the late phase of autophagy improves the  Safe and well-tolerated treatment. [110]
antitumor effect of gemcitabine, an inhibitor of DNA  2.1% overall survival response.
replication
Pancreatic cancer (I) CQ + gemcitabine Blockage of the late phase of autophagy improves the ~ Well-tolerated treatment. [84]
antitumor effect of gemcitabine, an inhibitor of DNA  33% overall response rate
replication 55% tumor control rate
43% increase in overall survival
Pancreatic cancer (II) HCQ + gemcitabine + Blockage of the late phase of autophagy enhancesthe ~ Well-tolerated treatment. HCQ reduces [111,112]
Abraxane cytotoxic effects of gemcitabine that inhibits DNA hypercoagulability in pancreatic cancer.
replication, and Abraxane, which blocks mitosis No improvement in overall survival.
Pancreatic cancer (I/1I) HCQ + gemcitabine + Blockage of the late phase of autophagy enhancesthe =~ Adverse reactions related to high-dose [113]
Nab-paclitaxel effect of gemcitabine (that inhibits DNA replication),  treatment.
and paclitaxel (that binds to tubulin, preventing cell ~ 38.2% overall survival response.
mitosis)
Pancreatic cancer (II) Gemcitabine + Nab- Blockage of the late phase of autophagy enhancesthe =~ Toxic damage related to high-dose [114]
paclitaxel + HCQ + effect of gemcitabine (that inhibits DNA replication), treatment.
Avelumab paclitaxel (that binds to tubulin, preventing cell No improvement in overall survival.
mitosis), and Avelumab (anti-PD-L1)
Prostate cancer (II) Docetaxel + Docetaxel inhibits microtubular depolymerization to ~ Well-tolerated treatment. [115]
pantoprazole prevent cell mitosis, and pantoprazole inhibits No significant improvement in overall
autophagy by deacidifying endosomes, preventing survival.
their fusion with autophagosomes.
Renal cell carcinoma (I/11) Everolimus + HCQ Everolimus directly inhibits mTOR, stimulating Safe and well-tolerated treatment. [116]
autophagy. Its combination with HCQ would induce ~ 67% Disease control
metabolic instability in tumor cells leading to 6% Partial response
apoptosis
Lymphangioleiomyo-matosis (I) HCQ + Sirolimus Everolimus directly inhibits mTOR, stimulating Safe and well-tolerated treatment. [117,118]
autophagy. Its combination with HCQ would induce  Increase of autophagy and cancer
metabolic instability in tumor cells leading to biomarkers. No significant improvement
apoptosis in overall survival
Glioblastoma multiforme (I/1I) HCQ + Temozolomide HCQ would increase the antineoplastic effect of Toxic damage related to high-dose [119]
+ radiotherapy Temozolomide (that methylates DNA, and induces treatment.
cell death) and radiation therapy (that uses charged =~ No improvement in overall survival.
photons to damage the DNA)
Non-small cell lung cancer (I) HCQ + Erlotinib HCQ enhances the sensitivity of cells to this antibody Safe and well-tolerated treatment.5% [120]
that blocks the highly mutated EGFR in lung cancer  overall survival response.
Non-small cell cancer (1/11) HCQ + Bevacizumab Autophagy blockage would enhance the Well-tolerated treatment. [121]
+ carboplatin + pharmacological synergy among bevacizumab (anti-  20% Disease control.
Paclitaxel VEGF), carboplatin (that binds to DNA), and 33% overall response.
paclitaxel (binds to tubulin), inhibiting cell division
Varied advanced solid tumors (colon, ~ MK-2206 + HCQ autophagy blockage would enhance the effect of MK- ~ 94% of adverse reactions. 15% overall [114]

non-small cell lung cancer,
melanoma, breast, and others) (I)

2206, an inhibitor of the AKT pathway

survival response.

more immunogenic than untreated cells, as demonstrated by both the
increased gene expression of tumor-associated antigens (CEACAM 1, 5,
6, and 7) and improved the ability of tumor lysates to sensitize
monocyte-derived DCs [82]. We have also observed that a combination
of HCQ and 5-FU induces the expression of CEA, HLA-ABC, and CD54 on
the surface of these tumor cells (Gorgulho CM, — personal
communication).

In a phase I study, CQ was used in combination with gemcitabine to
treat nine patients with metastatic pancreatic cancer, resulting in three
patients with a partial response and two patients who continued to
present stable disease, resulting in a 33% overall response rate and a
55% tumor control rate. These rates were significantly higher than the
9.4% achieved using gemcitabine alone in patients with metastatic
pancreatic cancer [83]. In addition, the median overall survival rate was
7.6 months for the combination treatment, compared with 3.3 months
with gemcitabine alone [83]. These data indicated that the autophagic
blockade stimulated and enhanced the anti-neoplastic activity of gem-
citabine [84].

HCQ induces fewer side effects than CQ [85], but its combination
with anti-neoplastic agents has resulted in varied outcomes. For
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instance, HCQ combined with RAD001 (an mTOR inhibitor) enhanced
the effectiveness of chemotherapy against the renal carcinoma cell lines
ACHN, Caki-1, and 769-P [86]. HCQ also enhanced the anticancer ef-
fects of the anti-angiogenic monoclonal antibody of VEGFR2 in the
gastric cancer cell line BGC823 [87] and potentiated the cytotoxic ef-
fects of bevacizumab (another monoclonal anti-VEGF antibody) against
LN18 and LN229 glioblastoma cells [88].

In a phase II trial, patients with untreated phase IV colorectal cancer
were treated with a combination of HCQ, the FOLFOX regimen (5-FU,
oxaliplatin, and leucovorin), and bevacizumab. The authors observed an
overall response rate of 68%, and a complete response was observed in 3
of 28 patients [89]. Hydroxychloroquine was also tested in patients with
pancreatic adenocarcinoma metastasis in a phase II study, and the pa-
tients treated with this drug showed an improvement in overall survival
by 69 days [90]. In another clinical trial, 112 patients with advanced
pancreatic adenocarcinoma and no previous treatment history were
treated with gemcitabine and PTX coated with glucose nanocaps (nab-
PTX), combined with HCQ, in a twice-daily dose. This combination was
well-tolerated by the patients, and HCQ increased the response rate to
gemcitabine and nab-PTX compared with those who received
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chemotherapy alone [2]. A meta-analysis of all 293 known clinical trials
involving CQ or HCQ showed that their combination with chemotherapy
agents improved the overall response rate, progression-free survival,
and overall survival [91].

In contrast with these findings on cytoprotective autophagy, some
studies have reported that autophagy can fight some types of cancer.
Recently, Wen et al. [92] reviewed the evidence that increased auto-
phagy flux induces the death of breast cancer in vitro and their sensitivity
to drugs [93,94]. Cells can die both due to autophagy-dependent cell
death — ADCD - formerly referred to as autophagic cell death [95], which
directly involves the autophagy machinery, and autophagic-related cell
death, which depends on other pathways, such as apoptosis and necrosis
[96,97]. Rapamycin also induces autophagy through the selective in-
hibition of mMTORC1 and was found to inhibit the proliferation of murine
sarcoma cells (s180) [98], neuroblastoma cells (KN-SH and SH-SY5Y)
[99], and lung cancer cells (A549) [100].

Although most data concerning this subject was obtained through in
vitro studies (reviewed by Wen et al., 2019) or in experimental models
there are some clinical trials indicating that low concentrations of
rapamycin increase the immune response and enhance the immuno-
therapeutic agents activity, such as the monoclonal anti-PD-L1 antibody
used in patients with oral cavity cancers [101]. The therapeutic poten-
tial of this approach was evaluated in head and neck cancer patients (8
with malignant lesions in the oral cavity and 8 with malignant lesions in
the oropharynx). After 21 days of treatment with rapamycin, these pa-
tients showed reduced mTOR signaling and lower tumor growth, despite
the relatively short treatment duration. In addition, none of the patients
presented any form of immunosuppression [102]. A similar effect was
observed in another study in which low doses of rapamycin resulted in
favorable immunomodulatory activity in bladder cancer patients un-
dergoing surgery, decreasing the numbers of CD4*/CD8" PD1" T cells,
therefore preventing the immune dysfunction induced by surgery [103].

Everolimus, which inhibits mTOR to induce autophagy, also regu-
lates the FoxP3 transcription factor, modulating regulatory T cell (Tregs)
expression [104]. In a phase 1 study, everolimus was combined with
cyclophosphamide to deplete Tregs in patients with metastatic renal
carcinoma, and the results showed that this combination not only
depleted Tregs but also reduced MDSC expression [105]. In addition,
this combination maintained sustained levels of CD8" T cells, reversing
a decrease in peripheral blood DC subsets (¢cDC1, ¢DC2, and pDC)
induced by cancer [106]. Therefore, these anti-tumor effects may not be
directly linked to autophagy because mTOR has a wide range of func-
tions [107].

5. Concluding remarks and perspectives

Even though the controversy over autophagy role in tumor sup-
pression or promotion remains unresolved, both basic studies and clin-
ical trials led us to conclude that pharmacological or molecular blockage
of autophagy improves the effectiveness of cytotoxic antitumor drugs, as
well as monoclonal antibodies for tumor-associated antigens. Our own
results suggest that pharmacological blockage of drug-induced auto-
phagy increases the immunogenicity of tumor cells. This view opens the
perspectives for expanding the use of autophagy blockers to synergize
the effects of available immunotherapeutic agents, such as checkpoint
blockade antibodies and other growth receptor inhibitors. An improved
understanding of the autophagy role in cancer is also required for the
development of new alternatives for blocking autophagy in cancer
patients.
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Dendritic cells-based vaccine as personalized immunotherapy

Abstract

Dendritic cells (DCs) are a heterogenous population of immune cells responsible
for antigens processing and presentation to T lymphocytes. They are divided in several
subsets with distinct phenotypic and functional features and can be found in the blood,
skin, mucosa, lymphoid and non-lymphoid tissues. DCs have a central role in the
development of an immune response both against infectious and malignant diseases, and
in the regulation of autoimmune and allergic responsiveness. Considering that DC
function is usually impaired in cancer patients, several authors have proposed the
development of DC-based antitumor therapeutic vaccines, aiming to restart the immune
system and improve the CD4+ and CD8+ lymphocytes responsiveness against cancer.
Here, we overviewed the DCs’ biology and their role in the antitumor immunity, the
distinct protocols for antigen loading of DC-based vaccines, such as the use of tumor cell
lysate, nucleic acid transfection, and DC-tumor cell fusion, focusing the clinical trials
involving different types of cancer. Overall, there is evidence that DC-based

immunotherapy is a feasible approach to personalize the anticancer fight.

Keywords: Dendritic cells, Anti-tumor vaccines, Chemotherapy, Cancer



l. Introduction

Dendritic cells (DCs), formerly called Langerhans cells, were first observed by Paul
Langerhans in 1868, who described them as cutaneous nerve cells, due to their star shape
with membrane branches that resembled neurons [69]. In 1973, Ralph Steinman and
Zanvil A. Cohn formally established the name “dendritic cells”[137] in an article that
started a series of publications, describing the morphological and functional features that
laid the foundation for a new era of studies on DCs, evidencing their ability to activate
and stimulate the proliferation of T lymphocytes, in addition to their great capacity for
phagocytosis [137-139,141]. Subsequently, the experiments conducted by Sallusto and
Lanzavecchia [121] demonstrate that DCs could be differentiated in vitro from peripheral
blood monocytes, overcoming the technical limitation for understanding the biology of
human DCs, as well as for studies on the possibility of manipulation in vivo or ex vivo of

these cells for therapeutic or prophylactic purposes.

The name of these cells comes from the observation of broad branches of its
plasma membrane, similar to dendrites or branches of a tree. These cells have an average
size between 13 to 15 um and a very large external surface, due to the ramifications of
the membrane. This large surface allows DCs to simultaneously interact and endocyte
various soluble or particulate antigens, which will be processed and later presented to T
lymphocytes. This high phagocytic and antigenic processing capacity makes DCs the
main antigen presenting cell (APCs) [2], being the only cells capable of presenting

antigens for naive T lymphocytes and promoting their activation and proliferation [2].

DCs originate mainly from CD34+ bone narrow hematopoietic progenitor cells,
stimulated by the Fms-related tyrosine kinase 3 ligand (FLT3L) and GM-CSF [35]. These

CD34+ precursors differentiate into common myeloid progenitor cells and common



lymphoid progenitor cells. Vommon myeloid progenitor cells differentiate into
monocyte-DC precursors (Mo-DCs), which will turn in to monocytes and common DC
precursors that later differentiate into pre-classical DCs (pre-mDC) or plasmacytoid DCs
(pDC). These last can also originate from common lymphoid progenitor cells. Both pDC
and pre-mDC leave the bone marrow and migrate through the bloodstream to peripheral
tissues, driven by chemokines, where pre-mDC differenciate into mDC1 or mDC2,
depending on the surrounding cytokines [22] or into Langerhans cells or interstitial
dermal DCs, if they reach the skin [149]. Therefore, DCs can be classified into 3

subgroups: plasmacytoid DCs, dermal DCs and myeloid DCs [99] (Figure 1).
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Figure 1. A) Dendropoeisis: Hematopoietic stem cells can differentiate into common
myeloid precursor cells and common lymphoid precursor cells. Myeloid precursors
differentiate into monocyte-DC (Mo-DCs) precursor cells that further differentiate into
monocytes or DCs precursors cells. These cells will give rise to pre-mDCs, which will
later differentiate into the main subpopulations of DCs: mDC1 and mDC2. These cells
are found in the bloodstream in their immature state, and once they recognize the antigen,
they migrate to the lymph nodes to present the antigens to lymphocytes. Those immature
DC reaching the skin, differ in Langerhans cells or interstitial dermal DCs. Finally,
plasmacytoid DCs (pDCs) can originate from myeloid and lymphoid precursor cells, and
can be found in the bloodstream, and in lymphoid and non-lymphoid tissues.

B) Main markers of DC subpopulations: Conventional myeloid DCs (mDCs) can be
subdivided into mDC1 and mDC2, differing according to the expression of CD141, CD1c
and TLRs. pDCs are characterized by the expression of CD123, CD303, BDCA-4 and
IFN-a production. DCs that populate the skin are the Langerhans cells, which express
high levels of CD11c, CD207 and HLA-DR, and the dermal DCs that are subdivided
according to the expression of CD1a and CD14. FLT3: FMS-related tyrosine kinase 3;
GM-CSF: granulocyte and monocyte colony stimulating factor.

Plasmacytoid DCs are characterized by the expression of CD123+, CD303+,

BDCA-4+ and CD11c-. These DCs are able to quickly produce high amount of IFN Type



1 (IFN-1) in response to viral infections, due to the high expression of Toll-like receptors
(TLR) 7 and 9 and are usually associated with the anti-infectious response. They are also
capable of activating cytotoxic CD8 T cells [160]. Several autoimmune diseases are
associated with high levels of IFN-I, which implies that pDCs play an important role in
the development of these diseases, such as psoriasis and systemic lupus erythematosus
[102]. In psoriasis, skin lesions are highly infiltrated by activated pDCs with high
expression of BDCA-2 [96]. Patients with lupus present a decrease in circulating pDCs
and that accumulate as activated cells in the affected tissues, such as the skin [33]. In
addition, they induce the production of antinuclear antibodies and express high levels of

TRL7/9, thus explaining their high level of IFN-1 production [48].

pDCs also play an important role in anti-tumor immunity as showed by Wu et al.
[136] who observed that activated pDCs, obtained from mice with breast cancer, can
eliminate HER2/Neu+ tumor cells in vitro, through the release of TRAIL and granzyme
B [157], by activating NK and T CD8+ cells. Another study showed that intratumoral
activation of pDCs by means of CpG oligodeoxynucleotides (recognized by TLR9 [152]),
activate and recruit NK cells, inducing melanoma tumor regression in vivo [79]. In
addition, in vitro differentiated pDCs have a greater ability to induce NK cells to kill acute
lymphoblastic leukemia cells due to the production of higher amounts of IFN-A2 [30], a
type of interferon known to play a critical role in the induction of NK antitumor activity

[136].

Dermal DCs, originating from a myeloid precursor, are divided into 2 subgroups,
Langerhans cells and interstitial dermal DCs [149]. Langerhans cells are resident cells of
the epidermis, typically characterized as CDl1a+ and CD207+, being highly relevant in
skin infections from which sites they migrate to the lymph nodes to interact with T cells

[21]. The interstitial dermal DCs, located in the extracellular matrix of the dermis, are



characterized by expression on the surface of CD36 and the production of coagulation
factor Xllla. These cells are also divided into two subpopulations according to their
expression of CD1a and CD14. CD1a+/CD14- cells stimulate and activate CD8+ T cells
while CD1a-/CD14+ cells are specialized in stimulating the humoral immune response,
producing CXCL13 and inducing the generation of follicular helper T cells

(Thf)[146,149].

Myeloid DCs or "conventional™ DCs are subdivided into 2 groups according to
the differential expression of CD1c and CD141. mDC1 express CD141, but not CDl1c,
while mDC2 express CD1c+/CD141-. In addition, mDC2 also express major
histocompatibility complex (MHC) class Il antigens (MHC-II), CD11c, SIRPa, TRLs (1
to 9), and produce several inflammatory cytokines [97]. They are distributed in the
bloodstream and in  lymph nodes [47], generally associated with the presentation of
antigens for CD4 T cells [61]. They produce interleukins (IL)-12p70, IL-1p, IL-6 and IL-
23 and are capable of inducing Thl and Th17 lymphocytes [73]. Finally, they express
high levels of dectin-1/2 (CLEC7A / CLEC6A)[81], type C lectin receptors and mannose
receptors that recognize fungal PAMPs[54]. For instance, DCs challenged in vitro with
Paracoccidioides brasiliensis fungal antigens recognized them through mannose
receptors, inhibiting the production of TNF-a [36]. In a subsequent study, they stimulated
DCs via TLR 9 (that recognizes fungal PAMPS) increasing their antifungal capacity by

producing large amounts of hydrogen peroxide [151].

The mDC1, like all professional antigen presenting cells, capture antigens and
process them by the endocytic pathway, which leads to the presentation of peptides
associated with MHC-I1. Tumor-associated antigens, generated inside tumor cells, are
processed by the cytosolic pathway, undergoing degradation in the proteasome, whose

peptides pass to the endoplasmic reticulum with the aid of transport proteins TAP-1 and



TAP-2. Within the reticulum, the components of the antigen processing machinery,
tapasin, calnexin, calreticulin and ERp57, promote the accommodation of peptides in the
a heavy chain gap of nascent MHC-I, as well as the link with the f2-microglobulin light
chain, for subsequent expression on the surface of tumor cells [74]. These antigens present
on the surface of tumor cells are the priority targets for CD8+ cytotoxic T lymphocytes.
However, for such immune cells being generated, it is necessary that the tumor antigens
are previously captured and processed by the APCs, which will present them to the
lymphocytes. Thus, dead tumor cells, their fragments or soluble antigens secreted by
tumor cells are endocitated by professional APCs and processed inside phagolysosomes
where are degraded by lysosomal enzymes into peptides that remain inside the vacuoles.
These vacuoles fuse with others that contain nascent MHC class Il molecules, in which
gap formed by the a and B chains, those peptides are accommodated [44], to be further
recognized by CD4 + lymphocytes. An essential characteristic of mDCL1 is its ability to
present exogenous antigens in association with MHC-1, a phenomenon called cross-

priming or cross-presentation, which is now also recognized in macrophages [94].

Cross-priming basically consists of transferring peptides processed by the
endocytic pathway to subcellular compartments involved in the association of cytosolic
peptides with MHC-I molecules. This phenomenon was observed for the first time in the
MHC compatibility experiments by Bevan et al. [11] in which they injected mice with
splenic cells from another mouse with minor antigens with different histocompatibility.
The authors observed that these minor antigens induced the generation of specific
cytotoxic T lymphocytes (CTL) and concluded that cells of the receptor mouse could
activate its immune system, presenting the minor exogenous antigens present in the
splenic cells of the donor animal. Therefore, there was the presentation of peptides from

the donor's MHC (exogenous antigen), associated with molecules of the receptor's MHC,



an event that received the name of cross-presentation [11,18]. Years later, Rock et al.
[115] showed that only DCs can process and present extracellular antigens associated

with MHC class | and just recently this ability was also observed in macrophages [94].

Currently there are two models considered on the process of transferring the
peptides to the compartments of the cytosolic processing pathway, referred to as the
cytosolic pathway and the cross-presenting vacuolar pathway. In the cytosolic pathway
model, antigens are released from the lumen of the phagocytic compartments to the
cytoplasm, where they are later processed by proteasomes [12], then following the same
path as the processing of endogenous antigens. In the vacuolar model, extracellular
antigens are internalized and degraded in the endosomes by lysosomal enzymes and the
resulting peptides are linked to the MHC-1 molecules present in those same endosomes,
in a process similar to what occurs with the presentation via MHC-11, regardless the action

of TAP molecules and involving the activity of cathepsins [107,128].

Once the antigen is transported and expressed in the MHC-1 of DCs, it interacts
directly with the T cell receptor (TCR) of the T cells that use the CD8 molecule to stabilize
this interaction [1]. This binding is increased by the co-stimulation molecules CD80 and
CD86 on DCs that bind to the CD28 of CD8+ T cells [70]. The stimulation of TCR and
CD28 leads to the activation of the MAPK [122] and mTOR [109] pathways, which
regulate cell growth, proliferation and metabolism, which results in the expansion of these

lymphocytes [49].

All myeloid DCs can cross-present, but mDC1 is considered the "expert™ in this
process [98], not only because of its high expression of MHC-1 [145] but also because of
the expression of high levels of CLEC9A and TLR3 [123]. TLR3 mainly recognizes viral

PAMPs [124] and, when activated, there is an increase in the production of IFN-o/f [124],



stimulating the expression of MHC-I [46] and TAP1 [3]. CLEC9A, in turn, is an
endocytic receptor that recognizes actin filaments from necrotic cells [162] and its main
function is to transport the captured exogenous antigens to the endosomes containing

MHC-I, promoting cross presentation [123,162].

Also, mDC1 can be found in lymphoid and non-lymphoid tissues in the immature
state (iDC), a phase characterized by high expression of intracellular MHC II, low
expression of co-stimulatory molecules and chemokine receptors[2]. In addition, iDCs
have the ability to capture and absorb antigens through endocytosis, pinocytosis and
phagocytosis superior to that of their mature counterpart. This characteristic allows these
cells to constantly patrol the internal environment, looking for and being activated when
they recognize foreign antigens [2]. This activation occurs after the recognition of
damage-associated molecular patterns (DAMP) or the stimulation of pattern recognition
receptors (PRR), such as TLR. These signals initiate metabolic transcription programs,
positively regulating chemokine receptors such as CCR7, which allow the migration of
DCs from peripheral tissues to the T-dependent areas of secondary lymph nodes, where
mature DCs present the processed antigens to naive T cells [112]. During this maturation
process, DCs decrease their phagocytic, adhesion capacity and reorganize their
cytoskeleton, increasing their mobility. The main change observed in mature DCs is the
increase in the expression of MHC-I/Il and co-stimulatory molecules, such as CDA40,

CD80 and CD86[137].

In common, all subpopulations of DCs have the ability to constantly communicate
with other cells of the immune system. This communication can be achieved through
direct interaction between receptors and cell surface ligands [1] or indirectly and remotely
through cytokines. DCs can produce different types of cytokines depending on the

stimulus received or the environment in which they are found, the most relevant being



IL-12, IL-23, IL-27, IL-6, IL -1, the tumor necrosis factor alpha (TNFa) and interferon

alpha (IFN-a) [85].

In the antitumor response the production of IL-12 is prominent. This cytokine is
composed of two covalently linked subunits, IL-12p35 and IL-12p40, constituting the
bioactive form IL-12p70 [38]. Its main action is to induce the production of IFN-y by
CD4 + T cells (generating a Thl response), NK and CD8+ T cells [50]. Also, increases
the cytotoxic capacity, proliferation and migration of CD8+ T cells [50] and NK cells
[104] favoring the effector phase of antitumor activity. In addition, IL-12 has anti-
angiogenic activity, through the production of INF-y, which in turn increases the
production of interferon-y inducible protein-10 (IP-10) [127], an inhibitor of
neovascularization that blocks proliferation of endothelial cells [17,41], improving the

anti-tumor activity.

TNF-a is a potent pro-inflammatory cytokine, produced mainly by macrophages,
but it can also be produced by NK cells, B lymphocytes and DCs [103]. Among the sort
of stimuli to induce TNF-a expression by DC are viral and bacterial infections, binding
to CD40L, oxidative stress, heat shock proteins, HMGB1 and interaction with activated
NK cells [125]. TNF-a has an autocrine function and affects DCs in several ways, for
example, improving the viability and migration of Langerhans cells [24] by increasing
MHC-I1 expression in DCs [131] and promoting their maturation/activation [84]. Most
cell types can produce this cytokine in response to virus infection [37], but pDCs, which
express high levels of TLR7/9 and IRF-7, are the main DCs that produce this cytokine

[8,37].

IL-1 is released by macrophages, monocytes and DCs in response to TNF-a [77].

It can be found in three forms, IL-1a (intracellular), IL-1p (extracellular), and IL1-RA.



IL-1 o and B have pro-inflammatory effects due to the release of histamine by mast cells,
causing vasodilation and signs of localized inflammation, in addition to having
chemotactic activity on neutrophils. The third form IL-1RA, has inhibitory activity and
acts by preventing the binding of IL-1a and B to their respective receptors [77]. IL-1 also
stimulates the production of IL-6, another cytokine produced by DCs, macrophages, T
cells, endothelial cells and fibroblasts [143], which induces the production of
transforming growth factor (TGF)-p, and the the differentiation of naive CD4+ T cells in
Th17 [66,143], stimulating the differentiation of follicular helper T cells and, thus,

increasing the production of 1L-21 [163].

In contrast to the mentioned cytokines, IL-10 is a cytokine that is known for its
multiple inhibitory and immunoregulatory effects [119]. In fact, this cytokine can be
considered a marker of suppressive DC because, in addition to its low capacity for
presenting antigens, the DCs that produce this cytokine suppress the capacity of other
DCs to do it [156]. IL-10 acts by negatively regulating the expression of inflammatory
cytokines in Thl cells, the expression of MHC-II and co-stimulatory molecules in
APCs[51]. In addition, in conjunction with TGF-p, it stimulates the differentiation of
regulatory T cells (Treg) via Foxp3[53], thus establishing an inverse correlation with IL-

12 and limiting the antitumor response [113,114].

1. Dendritic cells-based anti-tumor vaccines

During the early stages of carcinogenesis, tumors have the ability to modify and
silence the immune response, especially because they do not express relevant antigens to

activate the immune system [88], some of them can produce regulatory cytokines



[31,45,59]. So, the use of DC-based vaccines primarily intend to correct this state of

anergy, reactivating the immune system and stimulating it to recognize tumor cells.

The first clinical trial of DC-based vaccines in immunotherapy was published in
1996 by Hsu et al. [52], in which four patients with follicular B-cell lymphoma received
a series of three subcutaneous injections of DCs pulsed with antigens obtained from
biopsies of the lymph nodes in conjunction with KLH (Keyhole limpet hemocyanin), a
highly immunogenic protein. The authors observed that the four patients developed an
immune response against KLH, one of which showed complete tumor regression and the

other a partial regression [52].

Despite the large number of studies conducted for the development of therapeutic
anti-tumor vaccines of DCs and that several medical centers around the world use these
vaccines clinically, there is still no consensus protocol nor a gold-standard for sensitizing
these cells. Some groups advocate the use of CD34+ hematopoietic progenitor cells
differentiated in vitro in DC by culture with FIt3-L[34], but the most widely used protocol
and with the largest volume of clinical data is based on the in vitro differentiation of
monocytes isolated from mononuclear cells of peripheral blood (PBMC) obtained by
leukopheresis [118]. These cell suspension, rich in monocytes, obtained by adhering to
plastic or by selecting CD14+ is differentiated into immature DCs by the action of

recombinant cytokines, classically GM-CSF and IL-4 [19] (Figure 2).
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Figure 2. Basic protocol for in vitro differentiation of peripheral blood monocytes
into dendritic cells. Leukocyte-rich samples from the patient, obtained by
plasmapheresis, are submitted to separation by density gradient centrifugation to obtain
mononuclear cells (PBMC). This suspension is then enriched to monocytes by adhesion
to the plastic surface of culture plates, or by selection of CD14+ cells by magnetic
separation or cell sorting. These cells are then cultured with recombinant GM-CSF and
IL-4 for 5 days, to obtain the iDC. The maturation and activation of these cells is induced
by exposure to tumor-associated antigens. This step can be optimized by the addition of
different cytokines or growth factors. Two days later, these cells are activated and ready
to be inoculated in patients.

Anguille et al. [5] compared the classic protocol described above with their own,
in which IL-4 was replaced by IL-15 [5], followed by culture for 5 days and subsequent
activation of maturation by the addition of a mix of pro-inflammatory cytokines (TNF-a,
IL-1B, IL-6, PGE2) and a soluble cocktail of TRL 7/8. The authors found that the DCs in
their protocol showed superior expression of CD83, CD40, and co-stimulation molecules
(CD80, CD86) in addition to secreting more IFN-y and 1L-12p70. In another protocol,
authors proposed to combine IL-4 with IL-3, instead of GM-CSF, based on the fact that

monocytes have receptors for this interleukin and DCs use IL-3 to proliferate [82].



However, this combination generated DCs that produced less I1L-12p70 and more IL-10
compared to those differentiated with GM-CSF or by co-culture with allogeneic CD4+ T
cells, as well as less ability to induce IFN production-y [32]. In addition, the use of pro-
inflammatory cytokines such as TNF-a and IFN-y to improve the activation of iDCs is an
option to be considered, since the maturation stimulation is evidenced by the increased

expression of surface markers such as CD83, CD86, HLA-DR, CD40 and CD25 [20,27].

In our previous studies we have shown that selected chemotherapeutic agents can
also stimulates the maturation of DCs [95]. We observed that low non-cytotoxic
concentrations of chemotherapeutic drugs such as vinblastine, paclitaxel, azacytidine,
methotrexate and mitomycin C increase the expression of CD83, CD40, MHC-I11 and the
production of IL-12p70 in DCs generated in vitro [63,129]. We have also observed that
paclitaxel (PTX) and doxorubicin (DOX) in low concentrations increase the expression
of the antigen processing machinery components, such as calmodulin, LMP2, LMP7,

TAP1 and tapasin [62] by human colon cancer cells HCT-116.

The protocols for DCs sensitization may vary according to the nature of the
antigen, with purified proteins, recombinant proteins, peptides, and nucleic acids being
commonly used. Purified proteins and eventually peptides, are usually obtained by lysing
tumor cells from the patient himself, aiming to obtain the largest variety of unique
antigens of the individual to sensitize autologous DCs. The rationale of this approach is
to enable the stimulation of a specific immunity to the repertoire of unknown antigens
found in the patient's cancer [75]. In addition to its relatively low cost, the main
advantages of using autologous tumor lysate are the absence of restriction by HLA and
the short preparation time, compared to artificial strategies for the production of
neoantigens, in contrast with known peptides that just can be loaded on specific class |

molecules.



In our group, we used tumor cell lysates to assess whether the treatment of tumor
cells with low concentrations of chemotherapeutic agents increases the immunogenicity
of antigens expressed on the surface. For this, DCs generated in vitro were exposed to the
tumor lysate of colorectal cancer cells HCT-116 pretreated with low concentrations of
PTX or DOX. These DCs were then co-cultured with autologous lymphocytes for two
weeks, and subsequently tested for the presence of specific HCT-116 cytotoxic cells. We
found that DCs treated with this lysate induced cytotoxic T cells (CTL) with higher
cytotoxic activity than DCs loaded with untreated tumor cell lysate [62]. Using this same
protocol, in another study we observed, that the lysate of HCT-116 cells previously
treated with 5-fluororacil and chloroquine (autophagy blocker) increases the expression
of DC maturation markers (CD80, CD83, CD86 and HLA- DR), as well as its ability to
stimulate the proliferation of TCD8+ and TCDA4+ cells specific for colorectal cancer cells,
in addition to increasing the expression of IFN-y and decreasing the expression of IL-10

[161].

Tumor lysates have also been used in a phase I clinical study in pediatric patients
with high-grade gliomas to sensitize DCs in vitro. These DCs were then used as
therapeutic vaccines and, after the administration of nine doses, the patients showed peak
production of IL-4, IL-6, 1L-10 TNF-alpha and INF-y on the 28th day, but without a

clinical improvement directly related to the vaccine [71].

Recombinant proteins used on DCs sensitization protocols are usually chimeric or
fused proteins with multiple epitopes that have the ability to stimulate the immune
response more intensely, in addition to not being restricted by HLA, like some peptides.
In general, these proteins are highly expressed in some types of cancer, such as the
mannan-MUC1 fusion protein (MFP), present in several adenocarcinomas [72]. In a

phase | clinical study, ten patients with different types of adenocarcinomas (lung, ovary,



kidney, breast, colon and stomach) with high expression of MUC1 were treated with
autologous DCs pulsed with this fusion protein. After 3 monthly doses of the vaccine, it
was observed an increased production of IFN-y, and stabilization of the disease in those
patients with ovarian and kidney progressive cancer, although high levels of anti-MUC1

antibodies were only observed in 3 patients [80].

Another recombinant protein to be considered is melanoma-associated antigen 3
(MAGE-A3), which is an antigen highly expressed in melanomas and non-small cell lung
cancer, neuroblastomas, sarcomas, bladder cancer and hepatocarcinomas [116]. In a
clinical study, tumor regression was observed in six melanoma patients treated with three
doses of subcutaneous injections of a MAGE-A3 protein for three months [87]. In a
subsequent study, this protocol was tested in 39 patients with metastatic melanoma in
stages Il and IV. Fourteen of them experienced fast regression of the disease just
following the second dose [86]. These promising results stimulated researchers to create
a recombinant protein called MAGE-A3 Cl, synthesized by combining MAGE-A3 with
adjuvant AS15 [68]. The anti-tumor and immune-stimulating activity of MAGE-A3 ClI
has been demonstrated in several studies, including a clinical trial, conducted in 71
patients with small cell lung cancer, in which anti-MAGE-A3 antibodies were detected
in all subjects. In addition, more than half of the patients had elevated levels of specific
TCD4+ and TCD8+ cells. In another study, 25 patients with stage 11B and 1V MAGE-
A3+ melanoma were treated with MAGE-A3 CI, administered intramuscularly (13
patients) or intradermally (12 patients), hoping to directly stimulate conventional DCs,
dermal DCs and Langerhans. It was found that one patient in each group showed a
specific proliferative response of TCD8+ lymphocytes against MAGE-A3. Also, four
patients in the first group and seven in the other showed increased proliferation of TCD4+

lymphocytes. The proliferation of conventional DCs, dermal DCs and Langerhans cells



did not vary between administration routes, although the intradermal route produced a
greater response of TCD4+. Finally, both pathways were well tolerated, and all patients

generated antibodies specific for MAGE-A3 (NCT01425749) [132].

Viral transfection has also been used to sensitize DCs. For example, in the study
by Di Nicola et al. the tyrosine kinase gene was inserted into the vaccine virus of Ankara
(attenuated version of the poxvirus) aiming to transfect DCs with this gene, since tyrosine
kinase is one of the tumor antigens associated with melanoma. This vaccine was tested in
six patients with malignant melanoma in stages 3 and 4, with a gradual increase in TCD8+
specific cells for the tumor antigen and an increase in IFN-y in the bloodstream of patients
from the 5th day after injection [29]. Another virus used as a transfection vector is the
adenovirus, more specifically the virus with defective replication that encodes the
MART-1, a melanoma antigen. This is an immunogenic antigen, normally expressed in
normal pigment cells, which is exacerbated in malignant cells, including melanomas. This
virus was used to sensitize DCs of 14 patients with metastatic melanoma, aiming to
activate MART-1-specific T CD8+ and CD4+ cells. After administering three doses of
107 DCs, authors observed an increase in serum levels of IFN-y as well as in the number
of circulating MART-1-specific CD8+ T cells, compatible with the stabilization of the
disease in four out of 14 patients, and with the increased mean survival time from 27 to

42 months in other 4 patients [16].

DCs can also be sensitized with artificial vectors, such as artificial adjuvant vector
cells (AAV), which are fibroblasts artificially expressing a-galactosylceramide (o-
GalCer), a structure morphologically similar to CD1d, able to stimulate invariant NK cells
(iNK). This NK subset is characterized by highly expressing the invariant aff chains of
the T cell receptor (TCR) and producing IL-4 and IFN-y, being able to stimulate a Thl

response [14]. Unlike conventional T cells, which recognize peptides linked to MHC



molecules, iNK cells recognize glycolipids linked to non-polymorphic MHC class |
molecules, called CD1d [67]. When iNK recognize the AAVs they destroy these cells
and, in addition, they activate DCs that phagocytize the cellular fragments of these vectors
[39]. In an experimental in vivo trial, the group observed an increase in IFN-y and a
reduction in tumor mass [40], while in the phase I/11 clinical study, 17 out of 18 patients
with advanced lung cancer treated with AAVs had increased production of IFN-y, with

increased survival of 18 months higher than the control patients [93].

The transfection of nucleic acids with non-viral vectors and their subsequent
protein expression in DCs has also been widely used. The technique consists in isolating
genetic material from tumor cells, joining them to a non-viral transfection vehicle that
introduces this information into the DCs, which can later express the corresponding
proteins for antigenic presentation, allowing tumor antigens (exogenous), usually
presented in association with MHC class Il molecules, are now presented in the context
of class I molecules (after cytosolic processing)[90]. In our previous studies, we
transfected iDC with total RNA from HCT-116 colon cancer cells, previously treated with
5-fluorouracil (5-FU). We observed that these DCs showed increased expression of
maturation and co-stimulation markers (CD83, HLA-DR, CD80 and CD86), compared to
DCs transfected with RNA from untreated tumor cells. In addition, we observed a
functional improvement in DCs, evidenced by the increased capacity to induce the
proliferation of allogeneic T cells, improved generation of HCT-116-specific CD8+ T
cells, and increased in vitro production of IFN-y (116). In a similar study, using an animal
model, we observed that mice treated with DCs sensitized with total RNA from tumor
cells exposed to 5-FU, significantly reduced the growth of tumor cells implanted
subcutaneously [25]. In a phase Il clinical study, 43 patients with castration-resistant

prostate cancer, previously treated with docetaxel, were treated with autologous DC



vaccines transfected with mRNA encoding prostate specific antigen (PSA) and prostate
acid phosphatase (PAP). The authors observed that the mean survival time and
progression-free survival time slightly increased compared with patients treated with

docetaxel alone, with 78% of patients showing a specific response to PSA and PAP [65].

Another method used to sensitize DCs, with very promising results, is the creation
of hybridomas composed of DCs and tumor cells. This allows DCs to be exposed to a
wide range of tumor-associated antigens (ATTs) from autologous tumor cells [142] and
to process them endogenously and present peptides simultaneously through MHC class |
and 11, resulting in the activation of both TCD4 + and TCD8+ cells [64]. To demonstrate
this, Pinho and Barbuto et al. used breast cancer cells that constitutively express a
cytomegalovirus (CMV) antigen and fused them by electrofusion with moDCs. The
resulting hybrid cells expressed CD80, CD86, CD83, HLA-DR and MHC-I in higher
levels than the unfused DCs. In addition, hybrid DCs induced the expansion of CMV-
specific cytotoxic T lymphocytes (CTL) and a high production of IFN-y when exposed to
CMV+ tumor cells [108]. Clinical trials using this technique in cancer patients have had
similarly promising results, for instance in patients with kidney or metastatic breast
cancer. Hybrid DCs were inoculated in 23 patients, with stabilization of the disease
observed in five patients with breast cancer and five with renal cancer. The disease
regressed almost completely in two of the patients with an intense reduction in tumor
masses. In addition, in most patients, a large number of CD4+ and CD8+ T cells
expressing IFN-y were found [9]. In another phase I/11 study, DCs generated in vitro were
fused with glioma cells from 32 patients with gliobastoma and inoculated intradermally
in their cervical region. The patients were divided into 2 groups, one consisting of patients
with recurrent temozolomide-resistant gliobastoma (n=10), and the other with recently

diagnosed patients (untreated patients; n=22). Therapy was well tolerated in both groups,



and in those temozolomide-resistant patients the average of progression-free survival and
overall survival were 10.3 and 18.0 months. In contrast, in the recently diagnosed patients,
these times were much higher, with averages of 18.3 and 30.5 months, respectively. In
both groups, results were superior to those of conventional temozolomide therapy [117].
In addition, in the resistant group, hybrid DCs have been shown to have specific immune
responses against chemoresistance-associated antigens (WT-1, gp-100 and MAGE-A3)

highly expressed in temozolomide-resistant gliomas [4].

Thus, although there is no standard protocol for the preparation DCs for clinical
use, all vaccine proposals have their low toxicity as a very positive common point.
According to most reports, the most common side effects in clinical trials were grade 1
or 2 events, including fever, pain and inflammation at the injection site [6], enabling safe

use in different types of cancer, as reported below.

1. Prostate cancer

Prostate cancer is the second most prevalent cancer in men, with an estimated
incidence of 65,840 cases in 2020 in Brazil [55]. For diagnosis, prostate specific antigen
(PSA) and prostatic acid phosphatase (PAP) are used, both almost exclusively expressed
in prostate epithelial cells and increased in cancer tissues, therefore, both represent the
most commonly used serum markers for diagnosis and for monitoring prostate cancer
[158]. Most patients are diagnosed when the tumor is still delimited by the organ, so
radical prostatectomy, radiotherapy and chemotherapy are effective modalities of
treatment in such cases [78]. However, almost 30% of patients experience cancer
recurrence [153], motivating the search for therapeutic vaccines. One of the first attempts
of anti-tumor immunization was based on the affinity of PSA peptides to HLA-A2 [101].
It has been demonstrated the possibility of simultaneous induction of specific cytotoxic

T cells for different epitopes, by combining several known PSA peptides obtained from



patient samples, linked by an oligopeptide. However it depends on the patient's HLA
panel for effectiveness [23]. The first results of autologous DC vaccines were hopeful,

since a decrease in serum PSA levels was observed without side effects [159].

Years later, in 2010, the FDA would approve the first therapeutic vaccine based
on DCs, the Sipuleucel-T, after 4 years of clinical studies. This vaccine is composed of
autologous DC originated from monocytes obtained by leukopheresis and sensitized with
a recombinant fusion protein of GM-CSF and PAP. In the first two phases of clinical
studies involving 31 patients with metastatic prostate cancer, side effects were not
reported, and a decrease in serum PSA levels was also found [133]. Then, in the phase IlI
randomized clinical trial, 127 patients with metastatic prostate cancer were evaluated.
After 36 months of treatment 34% of the patients were alive, compared with 11% in the
control group, who had average survival of only 4.5 months. The mean T cells counting
was eight times higher in treated patients than the controls [135]. These results were so
well received that their use as therapy in conjunction with other first line chemotherapy
[111,134] (NCT01981122) and radiotherapy [147] (NCT01818986) also had remarkable
results. Most current clinical studies work in the same way, always using DC-based
vaccines in combination with other antineoplastic agents, including immunotherapeutics
such as Nivolumab or Pembrolizumab (PD-1 blockers) (NCT03525652, NCT03600350,

NCT04090528) [155].

2. Breast cancer
Breast cancer represents approximately 25% of all cancers in the world [130]. In
2020, 66,280 new cases of breast cancer are estimated in Brazil. In addition, the risk of
this disease in women is estimated between 10% and 12.8% [55]. The prognostic markers
most commonly used for the diagnosis of this disease are estrogen hormone receptors

(ER), progesterone (PR) and human epidermal growth factor receptor (HERZ2), which are



usually expressed on the surface of breast cancer cells [57,105]. In recent years, mucin 1
(MUC1) has been added to the marker panel, as it is overexpressed in patients with poor
prognosis [60]. The main methods used in therapy against breast cancer are surgery,
radiotherapy, chemotherapy and hormonal therapy [91]. The most widely used DC
vaccine against breast cancer was Lapuleucel-T, which uses a principle similar to the
Sipuleucel-T, with HER2 recombined to the adjuvant GM-CSF. It was observed that the
18 patients reaceiving this DCs tolerated the therapy very well, with no adverse effects
and without increasing the T lymphocyte counting [106]. However, one of the
disadvantages of this vaccine was that its effectiveness depends on the expression of
HER2 or MUC-1 in the cancerous tissues of patients [89]. Therefore, in patients whose
tumor has low expression of these markers, it has been proposed to use DC sensitized in
vitro with autologous tumor lysates, resulting in high production of specific CTL and
production of IFN-y in vitro [28], as well as proliferation of T CD4+ and TCD8+ cells
[42]. Currently, clinical trials use DC vaccines pulsed with HER-2 peptide with
neoadjuvant chemotherapy (NCT03387553, NCT02063724, NCT02061423) and new
approaches like the use of neoantigens (synthetic peptides formed from patient biopsies)

to pulse autologous DC (NCT04105582).

3. Colorectal cancer
The most recent statistics indicate that colorectal cancer (CRC) is the third most
common cancer in the world [130] and will affect more than 40,990 people by the end of
2020 in Brazil [55]. Conventional therapy for patients with CRC is based on total or
partial colectomy, usually followed by adjuvant or neoadjuvant chemotherapy [15].
Although 80% of CRC patients treated with surgery and chemotherapy have a mostly
favorable response [144], a recent study shows that 50% of CRC cases treated with the

mentioned procedure have tumor recurrence [126]. Under this premise, the use of



immunotherapy as a complementary treatment to combat this disease was evaluated. In
the past decade, there have been relatively few studies of DC vaccines applied to CRC

compared to other cancers.

The three largest completed studies were randomized phase Il studies performed
on patients with colorectal cancer who underwent surgical metastasis resection, followed
by DC vaccination. In chronological order, the first involved ten patients with CRC and
liver metastases treated with three doses of vaccines of DCs pulsed in vitro with CEA
peptide (carcinoembryonic antigen), intradermally and intravenously before resection of
liver metastases. Liver biopsies from seven out of 10 patients revealed a high number of
CEA-specific T cells with production of large amounts of IFN-y. Another interesting
finding was the presence of CEA-specific T cells in lymph nodes close to liver metastases
in one patient, but not in peripheral blood [76]. In the second study, 26 patients with liver
metastases from CRC, received randomly DC vaccines previously activated by the
soluble CD40 ligand (CD40L), with a five-year follow-up. When CD40L binds CD40 on
the surface of DCs, it stimulates the production of IL-12, activating T cells towards the
Th1 profile [83]. In vitro analysis showed that, although the addition of CD40L did not
increase the expression of MHC | or Il in DC, it increased the expression of CD86.
Unfortunately, these findings were not sufficient to improve the patient's immune
response or recurrence-free survival (RFS), which was 58% in the first year and 38% in
5 years. Thirty-three percent of treated patients had a favorable response against the
tumor, one week after vaccination, with increased levels of IFN-y, and these same patients
had a longer time to recurrence (63%) in 5 years than those with low IFN-y levels (18%).
Unfortunately, these findings were not significantly better than those observed in the

control group [10].



In the third study, two types of treatment were applyied, the first using DCs treated
ex vivo with a viral vector encoding CEA and MUCI called “PANVAC” (DC/PANVAC)
and the second directly injecting PANVAC together with GM-CSF (PANVAC-P) in 76
patients with metastatic CRC. The results show that the RFS was similar between the two
groups (47% DC/PANVAC vs 55% PANVAC-P). A 2-year overal survival increased in
both groups, achieving being 94% of patients in the DC/PANVAC group and 87% of
patients in the PANVAC-P group. Finally, the specific response of T cells against CEA
was similar in both groups [92]. The results indicate that the best results are achieved with
the use of DCs vaccines as complementary postoperative therapy. Since the tumors are
different in each patient, the use of lysates obtained from tumor biopsies as a source of
the unique tumor antigens of these patients would increase their efficiency

(NCT02919644, NCT04147078).

4. Other types of cancer

The clinical efficiency of DC-based vaccines has been tested in all types of cancer
at different stages [43,150], among them, one that has shown promising results was
melanoma. In the phase Il study by Boudewijns et al. [13] patients with melanoma in
stage Il (n=22) and 1V (n=32) were included. These patients received three doses of DC
vaccines transfected with gp100 mRNA and tyrosinase (tumor antigens highly expressed
in melanoma) treated or not with cisplatin [26]. The best results were observed in patients
treated with DCs transfected in combination with cisplatin, showing an increase in T
CD8+ cells in 56% of patients in phase 1V compared to the isolated application of DCs
(40%). However, there was no significant difference between the protocols applied to
patients in phase Ill. In another randomized study, still in progress, 144 patients with
high-risk melanoma in stages Il and IV were treated with pre-sensitized DCs with

autologous tumor lysate for 18 months. Preliminary results show that the application of



of sensitized DCs significantly improves the disease-free survival time (51.8% vs 27.1%
of control group) and the overall survival (92.9% vs 70.3%). Stage IV patients showed
a 49.7% increase in free survival compared to 29.4% for placebo control, and stage 11l

patients showed a 68.6% increase compared to 9.4% of placebo (NCT02301611).

Similar results were observed in the treatment of glioblastoma, one of the cancers
with the highest rate of complications in surgery [58], indicating that the use of
therapeutic DC vaccines is one of the alternatives to be considered for the treatment of
this disease. In the randomized, phase Il study with placebo by Wen et al., 124 patients
with newly diagnosed glioblastoma were divided into 2 groups, the first (n=81) treated
with DCs sensitized with tumor antigens expressed in glioblastoma (AIM2, MAGE1,
TRP-2, HER2, IL-13R02 and gp100) and the second (n=43) treated with placebo. Patients
received four DCs applications per week for 12 months, which increased the overall
survival time by 2.2 months and the progression-free survival time by 2 months compared

to the placebo group [154].

Since conventional glioblastoma therapy consists of resection of the tumor (when
possible) followed by radiotherapy and temozolomide, there is a low overall survival of
15 months on average [140]. In a phase Il study with 32 newly diagnosed patients with
low residual tumor volume after resection, a vaccine for DCs pulsed with autologous
tumor lysate was combined with conventional therapy. DCs treatment started before
radiotherapy and continued during treatment with temozolomide. The results showed a
median overall survival of 23.4 months, a time almost nine months longer than that
observed in patients treated with only conventional therapy. In addition, the authors
observed an increase in the proliferation of TCD8+ cells, and the production of IFN-a,

and IL-12 after vaccination in 11 patients [56].



Some forms of leukemia have also been investigated for the feasibility of using
DC vaccines, such as acute myeloid leukemia (AML)[100]. In a phase 11 study, the effect
of DC vaccines transfected with WT1 mRNA, an antigen overexpressed in AML[110],
was investigated in 30 geriatric patients with a very high risk of relapse. The anti-
leukemic response was evidenced by the decrease in the blast counting in peripheral blood
and stabilization of red bone marrow in 13 patients, four of them also stabilized the
disease. The overall survival rate was higher in the 13 patients who responded to
treatment, compared to those who did not respond (53.8% vs. 25.0%). To demonstrate a
correlation between clinical response and immune stimulation caused by DC vaccination,
the frequency of cytotoxic T cells and production of cytokines were evaluated. The
authors observed an increased proliferation of WT1-specific TCD8+ cells and an
increased production of IFN-y and TNF-a in all patients, especially in those who

positively responded to treatment [7].

WT1 is also overexpressed in acute lymphoid leukemia (ALL) [148], and its
peptides have been used to sensitize DCs for the treatment of ALL in pediatric patients.
In the clinical case reported by de Saito et al. a 15-year-old girl received a hematopoietic
stem cell transplant and 14 doses of allogeneic DCs-vaccine, sensitized with WT1 antigen
(the donor was her sister with compatible HLA). The data show that WT1-specific
TCDB8+ cells were detected since the seventh vaccine application and the proliferation of
those cells increased following subsequent vaccinations. In addition, authors observed the
remission of blasts in the peripheral blood after the fourth dose of vaccine. which was

mantained for 44 months [120].



1. Conclusion

These data allow us to conclude that DC-based anti-tumor vaccines are safe, and
their production is feasible in many medical centers. Compared to other more invasive
protocols that involve serious side effects, the use of DCs as therapeutic vaccines rarely
induces side effects when combined with other therapies. This feature allows these
therapeutic vaccines to be used as complementary therapy for cancer patients, especially
in those with difficult surgical excision or for prophylaxis of relapsing diseases. Although
the clinical use of these vaccines is not definitive, mainly due to the large variety of
protocols, which makes difficult to standardize it in a scale, finding new ways to increase
the immunogenicity of tumor antigen sources and new combinatorial therapies with DCs
remain a challenge for making the clinical application of these vaccines more efficient

and feasible.
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