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RESUMO

O glioblastoma (GB) ¢ o tumor cerebral primario de maior incidéncia entre os
adultos, apresentando um prognoéstico devastador com uma média de sobrevida de apenas
12 — 15 meses. O microambiente tumoral (TME) desempenha um papel crucial na
agressividade do GB, principalmente no estabelecimento de imunossupressao e evasao
imune. Os astrdcitos reativos presentes no TME podem favorecer a proliferacao e invasao
das células tumorais, contribuindo para o estabelecimento e avango do tumor. Além disso,
a adenosina, produzida pela enzima CD73 e expressa tanto por células tumorais como
pelas demais células do TME, tem um papel crucial na imunomodula¢do do TME, sendo
a inibicdo da CD73 eficaz na redug¢do do crescimento e da agressividade do tumor.
Considerando isso, o presente trabalho teve como objetivo principal avaliar os efeitos da
sinalizagdo adenosinérgica no microambiente estabelecido pelo GB, principalmente
relacionado a influéncia dos astrocitos associados ao tumor. O capitulo 1 da presente tese
traz uma revisdo na literatura cientifica sobre o tema, onde investigou-se o papel dos
diversos marcadores purinérgicos (enzimas e receptores) nos diferentes fenotipos de
astrocitos reativos, sugerindo a via adenosinérgica como um novo alvo para a otimizagao
da eficiéncia terapéutica do tratamento para o GB. Subsequente a isso, no capitulo 2 foi
avaliado o efeito da adenosina na resisténcia in vitro ao tratamento com exposicao a
radiagdo ionizante (RI), um dos pilares da terapia utilizada em pacientes com GB. Para
tal, foram utilizadas 3 diferentes linhagens celulares de GB. Nossos resultados sugerem
que as células expostas a radiagcdo apresentaram niveis mais elevados de expressao de
CD73 e atividade enzimatica. Além disso, fomos capazes de observar um efeito relevante
na taxa de crescimento das células de GB apos a exposicao a RI combinada com um
inibidor farmacologico de CD73. Esses resultados evidenciaram um efeito promissor na
inibi¢cdo da produ¢do de adenosina no TME para aumentar a eficacia da radioterapia. Por
fim, no capitulo 3 da presente tese foi investigado o papel do TME do GB sobre a
reatividade astrocitaria e as consequéncias dessa modulagdo sobre a progressdo tumoral.
Foram utilizadas amostras primdarias provenientes de um modelo animal de indugdo de
GB para a andlise por meio da ferramenta de Single cell RNA-seq. Os resultados
mostraram que os astrocitos provenientes de amostras do tumor, ou seja, os chamados
astrocitos associados ao tumor (TAA), possuem um perfil transcricional tUnico,
relacionado a importantes marcadores associados a ativag¢do de vias inflamatdrias, como

a resposta celular frente ao lipopolissacarideo e o recrutamento de células imunes. Além



disso, ¢ demonstrado também que a interag@o entre células tumorais e astrdocitos contribui
diretamente para a reatividade dos astrocitos associados ao tumor, influenciando a
imunomodulacdo do TME. Em suma, os dados obtidos nos trés capitulos desta tese
indicam que a via adenosinérgica apresenta-se com um potencial para ser um novo alvo
na otimiza¢ao da eficiéncia terapéutica do tratamento usualmente escolhido como padrao
ouro para o GB, além de lancar uma visao promissora sobre o papel dos astrocitos reativos

na fisiopatologia do GB.



ABSTRACT

Glioblastoma (GB) is the most common primary brain tumor among adults,
presenting a devastating prognosis with an average survival of only 12 - 15 months. The
tumor microenvironment (TME) plays a crucial role in the aggressiveness of GB,
particularly establishing immunosuppression and immune evasion. Reactive astrocytes
present in the TME can promote the proliferation and invasion of tumor cells, contributing
to the tumor establishment and progression. Adenosine, produced by the enzymatic
activity of CD73, plays a crucial role in TME immunomodulation, and CD73 inhibition
has been shown to be effective in reducing tumor growth and aggressiveness. Considering
that, the present study aimed to evaluate the effects of adenosinergic signaling (mediated
by adenosine) on the TME established by GB, particularly related to the influence of
tumor-associated astrocytes on tumor progression. Chapter 1 provides a literature review
investigating the role of purinergic markers (enzymes and receptors) in different
phenotypes of reactive astrocytes, suggesting the adenosine pathway as a new target for
optimizing therapeutic efficacy in GB treatment. Subsequently, in Chapter 2, the effect
of adenosine on in vitro resistance to treatment with ionizing radiation (IR), one of the
pillars in therapy for GB patients, was assessed using three different GB cell lines. Our
results indicate that cells exposed to radiation showed higher levels of CD73 expression
and enzymatic activity. Additionally, a significant effect on GB cell growth rate was
observed after exposure to IR combined with a pharmacological CD73 inhibitor. These
findings highlight a promising effect of inhibiting adenosine production in the TME for
potential therapeutic advancement of radiotherapy. Finally, in chapter 3 of this thesis, the
role of the GB TME in astrocyte reactivity and the consequences of this modulation on
tumor progression were investigated. Primary samples from an animal model of GB were
used for analysis using Single cell RNA-seq tool. The results showed that astrocytes from
tumor samples, known as tumor-associated astrocytes (TAA), have a unique
transcriptional profile, related to important markers associated with the activation of
inflammatory pathways, such as cellular response to lipopolysaccharide and immune cell
recruitment. Furthermore, it is also demonstrated that the interaction between tumor cells
and astrocytes directly contributes to the reactivity of tumor-associated astrocytes,
influencing TME immunomodulation. In summary, the data obtained in the three chapters

of this thesis indicate that the adenosine pathway holds potential to be a new target in



optimizing the therapeutic efficiency of the treatment commonly chosen as the gold
standard for GB, and provide a promising view on the role of reactive astrocytes in GB

pathophysiology.
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INTRODUCAO

1. O papel das células gliais no Sistema Nervoso Central

O Sistema Nervoso Central (SNC) ¢ composto de dois grandes tipos celulares:
os neuronios e as células da glia. Historicamente considerados as principais células do
SNC, os neurdnios tiveram a sua morfologia e fun¢do detalhadamente descritas pelos
mais diversos autores ao longo dos mais de 100 anos desde a sua primeira descri¢ao (1,2).
De fato, os neurdnios sdo elementos fundamentais para o funcionamento do SNC, sendo
responsaveis pelo processamento e compartilhamento das informagdes por meio de
sinapses elétricas (1). Entretanto, o antigo panorama simplista que traz as células
neuronais como componente majoritario no SNC tem mudado, e atualmente os
neurocientistas vém colocando o seu foco de estudo também nas demais células presentes
no sistema: as células da glia.

O termo “glia” ¢ derivado da palavra em grego para “cola”, e a explicagdo por
tras da escolha do nome esta em como estas células eram descritas pelos neuroanatomistas
do século XIX: como formadoras de uma estrutura conectiva com capacidade de dar
suporte aos neurdnios (1,2). A estrutura da glia foi descrita pela primeira vez no ano de
1856, em um semindrio ministrado pelo médico patologista Rudolf Virchow, onde foi
apresentado o conceito ao qual ele chamou de “nervenkitt’, ou “neuroglia” — a cola que

ligava as células nervosas (3) (Figura 1).

Alguns anos mais tarde, por volta de 1900, Santiago Ramon y Cajal ampliou o
conhecimento acerca das células gliais, demonstrando evidéncias histoldgicas de que
neurdnios e células gliais seriam estruturas celulares individuais (4). Utilizando um
aprimoramento de uma técnica de coloragdo proposta primeiramente por Camilo Golgi,
Ramon y Cajal foi capaz de visualizar neurdnios e células gliais por meio de marcagdo
em marrom/preto em um fundo contrastante amarelo, que permite diferenciar as duas
células em suas estruturas individualizadas (4) (Figura 2). Desde entdo, a otimiza¢ao das
técnicas de microscopia vem permitindo entender mais profundamente a morfologia
dessas células. Juntamente a isso, o desenvolvimento de metodologias para andlise

molecular contribui com o delineamento do papel das células gliais no SNC.
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Figura 1: Tlustragdo da neuroglia conforme descrita por Rudolf Virchow. (a) Para Virchow, a

neuroglia consistiria em uma por¢ao independente de tecido conjuntivo repleto de “fibras gliais” que
permearia alguns “componentes celulares, destacados em (b). (i) Nucleos livres com nucléolo, (ii) nicleos
com corpos celulares parcialmente rompidos, e (iii) células integras. Ainda na figura, (ca) sdo corpusculos

amiloides. Fonte: Imagem retirada de (1)

Figura 2: Imagens da astroglia desenhadas por Santiago Ramon y Cajal. Em (A) ¢ possivel
visualizar uma imagem feita a partir da técnica de Golgi, e em (B) desenhos de astrdcitos perivasculares.

Fonte: Imagens retiradas de (5)

Atualmente, sabe-se que as células gliais s3o as mais abundantes do SNC,
constituindo aproximadamente metade das células presentes nesse sistema (2). Esse
numero expressivo da indicios da sua importancia: elas sdo responsaveis nao s6 pela
nutri¢do, protecao e sustentacdo dos neuroénios, mas também guiam a migragao de células

neurais e seus precursores durante o desenvolvimento, além de atuar diretamente nas
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sinapses neuronais respondendo e modulando os processos de neurotransmissao e de
gliotransmissao (6,7).

As células gliais sdo classificadas em 3 principais tipos celulares: astrocitos,
oligodendrocitos e microglia (1,6). Astrdcitos e oligodendrocitos tém a sua origem a partir
de células neurais progenitoras, € a microglia, por sua vez, sdo derivadas de células do
saco embriondrio, sendo conhecidas como os macréfagos residentes do SNC (8). De
forma simplificada, a microglia ¢ uma classe de células imunes responsaveis por realizar
fagocitose e eliminar debris no ambiente neuronal (8). J4 os oligodendrdcitos sdo
responsaveis, dentre outras fungdes secundarias, pelo processo de mielinizagao (1). E, por
fim, os astrocitos sdo as células gliais mais numerosas no encéfalo, sendo classificadas

como elementos-chave para a homeostase cerebral (1).

2. Astrocitos: as células gliais mais abundantes do Sistema Nervoso Central

O termo astrocito foi proposto primeiramente por Michael von Lenhossék no ano
de 1895, porém a popularizacdo do termo s6 ocorreu anos mais tarde, através dos
desenhos realizados por Santiago Ramoén y Cajal, que demonstravam o “formato de
estrela” desse tipo celular (5) (Figura 2). O astrécito apresenta uma grande importancia
ndo s6 para a homeostase do SNC, mas também para o proprio entendimento das fungdes
dos diversos componentes celulares presentes nele. Isso porque o aprofundamento do
conhecimento acerca do astrocito serviu de ponto inicial para o entendimento da relagao
entre as células gliais e neur6nios (FREEMAN, 2010; MOLOFSKY; DENEEN, 2015;
SOFRONIEW; VINTERS, 2010).

Os astrocitos sdo células muito abundantes no SNC de mamiferos (10). Essa
presenca em grande quantidade da pistas sobre a sua relevancia: atualmente, através de
dados gerados por técnicas modernas de microscopia, ¢ possivel descrever as varias
fungdes desempenhadas por eles do SNC. Astrocitos possuem uma morfologia complexa,
apresentando de 5 a 12 ramificagdes principais a partir do seu corpo celular, que por sua
vez continuam a ramificar-se formando uma rede (12). Por meio das porgdes terminais
de suas ramifica¢cdes — os chamados pés terminais, ou endfeets —, eles participam da
formagdo e manuten¢do da barreira hemato-encefalica (BHE), uma membrana protetora

entre o SNC e o restante do corpo responsavel pela regulagdo do transporte de substancia
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por meio da sua permeabilidade seletiva, protegendo o tecido nervoso contra a entrada de
moléculas toxicas e patdgenos (12).

Os pés terminais de astrdcitos realizam também outras func¢des vitais para o
funcionamento do SNC. Mesmo com as suas diferencas morfologicas relacionadas ao
local em que se encontram no encéfalo, virtualmente todos os astrocitos da porg¢ao
cinzenta estdo em contato direto com pelo menos 1 a até 6 vasos sanguineos, o que quer
dizer que a vasculatura do SNC estd praticamente toda envolta em terminagdes
astrociticas (12). Dessa forma, os astrocitos sdo responsaveis também pela regulagio do
fluxo sanguineo, a absor¢ao de nutrientes e a eliminagdo de residuos no SNC (12) (Figura
3).

a A NS Oligodendrdécito
Neurdnio — > l
Microglia _~ Astrécito
Pericito i %= = 1 Célula .
: endotelial
Vaso sanguineo -~

Figura 3: Morfologia dos pés terminais de astrocitos. (a) Esquema representando as interagdes
conhecidas dos astrocitos com outros tipos de células do SNC. (b) Imagem de microscopia confocal de um
astrocito (azul-petrdleo) interagindo com capilares cerebrais (laranja). Os “pés” dos astrocitos podem ser
vistos envolvendo os vasos sanguineos. (¢) Imagem de microscopia eletronica de transmissao de um corte
transversal de um capilar cerebral. Células endoteliais cerebrais (laranja) formam a parede do vaso. Os

endfeet dos astrocitos (azul-petréleo) envolvem o vaso. Fonte: Figura adaptada de (12).

Além disso, ¢ também relatado na literatura a participagdo dos astrdcitos como
reguladores fundamentais da sinaptogénese (13,14). Diversos autores descrevem que
astrocitos sdo capazes de estabelecer uma comunicacgao bidirecional com os neuronios,
sendo essa participacdo ativa e direta na sinapse neuronal denominada Sinapse Tripartite
- referindo-se aos 3 componentes: neurénio pré-sindptico, neurénio poés-sinaptico e, por
fim, o astrocito (13). Astrdcitos respondem a neurotransmissores liberados pelos
neurdnios na fenda sinaptica, desencadeando elevacdes de célcio intracelular que,
subsequentemente, levam a liberacdo de gliotransmissores, dentre eles a D-serina, o

glutamato e a adenosina trifosfato (ATP) (15) (Figura 4).
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Astrocito

Neurdnio Pré-sinaptico

Neuromoduladores

Neurdnio Pés-sinaptico

Figura 4: Participacdo ativa dos astrocitos da sinapse tripartite. Os astrocitos possuem a capacidade
de detectar a atividade sinaptica e responder a ela através de ondas intracelulares de Ca?*, levando a

liberagao de gliotransmissores que podem sinalizar de volta as sinapses. Fonte: figura adaptada de (14).

Ademais, os astrocitos também sdo universalmente reconhecidos como um dos
principais participantes da resposta tecidual do SNC frente a condi¢des patologicas (16).
Ao sofrer injuria, j4 ¢ bem estabelecido na literatura que o astrécito pode sofrer
modificac¢des, deixando o seu estado quiescente, e tornar-se ativo, em um processo
denominado reatividade astrocitica (17). Durante esse processo, eles podem sofrer
hipertrofia e ativacdo da proliferacao celular, com o intuito de migrar até o sitio da injuria
e formam uma "cicatriz glial" (16,18). Além disso, h4 uma up-regulation de expressao de
filamentos intermedidrios como nestina, vimentina e proteina acida fibrilar glial (GFAP)
(18). A proteina GFAP ¢ também utilizada como um marcador astrocitario classico, sendo
extremamente valioso para a identificacdo e avaliacdo da morfologia de astrocitos em
ensaios imuno-histoquimicos (5,19) (Figura 5). Além do GFAP, astrdcitos apresentam
alguns outros marcadores moleculares muito utilizados para a sua identificagdo, como a
subunidade B da proteina S100 (S1008), o membro L1 da familia da enzima aldeido
desidrogenase 1 (ALDHI1L1) e o transportador de glutamato e aspartato (GLAST) (20).
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Astrécito ndo-reativo Astricito reativo

(a)

(b)

Injiria

Astrécito ndo-reativo Astrocito reativo

Figura 5: Os astrocitos reativos apresentam aumento da expressao da proteina GFAP e hipertrofia.
(a) Os filamentos intermediarios foram marcados utilizando anticorpos contra GFAP (e podem ser
visualizados na cor verde) e revelam hipertrofia dos processos celulares dos astrocitos reativos (direita) em
comparagao com aqueles no tecido ndo lesionado (esquerda). (b) Representagio esquematica da rea¢ao dos
astrocitos a injuria. No circulo € possivel notar que os astrocitos reativos tornam-se mais espessos € mais

longos. Apesar de os processos principais dos astrocitos reativos se tornarem mais espessos. Fonte: imagem

adaptada de (19).

O processo de reatividade astrocitica ¢ complexo e heterogéneo (17,21).
Recentemente, tém-se sugerido que os astrocitos possam assumir fenétipos diferenciados
- denominados A1 e A2 - seguindo um espectro de ativagao (22,23) (Figura 6). Enquanto
os astrocitos do tipo Al sdo bem caracterizados como relacionados a reatividade
astrocitica de perfil pro-inflamatério e ao dano e, portanto, presentes por exemplo em
casos de neuroinflamag¢do e neurodegeneragdo, o astrocito do tipo A2 ¢ descrito como
uma célula de reparo, envolvido em processos de recuperagdo de tecidos danificados em
isquemias (22,24,25). Dessa forma, o tipo A2 seria considerado um tipo de ativagdo
alternativa, e que ao contrario da ativacdo relacionada com carater pro-inflamatério

indutor de estresse oxidativo, estaria relacionado ao controle da resposta imune (22,26).
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Astrocitos: um possivel espectro continuo de ativagao

y x* X Y
IS BN AR

*

. I

Astrocito Al Populagdo mista (Al + A2) Astrocito A2

Figura 6: Possivel delineamento do perfil dos astrocitos reativos. Fonte: adaptado de (24).

3. Glioblastoma: o tumor cerebral primario de maior incidéncia na populacio

Dentre os tumores primarios que podem acometer o SNC, os gliomas s3o os
tumores de ocorréncia mais frequente na populacdo adulta (27,28). O nome “glioma”
justifica-se pelas semelhangas estruturais e histoldgicas ligadas as células da glia, das
quais seriam provenientes (27). Os gliomas podem se apresentar na forma de tumores
benignos e circunscritos ao local de seu surgimento, e, portanto, de baixo grau de
estadiamento, ou malignos e de alto grau, com maior capacidade de difusdo nos tecidos
adjacentes (29). Originalmente, o diagnostico e a classificagdo dos gliomas eram
realizados através da andlise histologica do tumor (29). A crescente evolucdo nas
pesquisas relacionadas ao entendimento da biologia de tumores cerebrais abriu espago
para o estudo do envolvimento de vias genéticas dos diferentes graus de gliomas, além de
evidenciar novos padrdes moleculares com potencial de serem utilizados no diagnostico
mais acurado (27). Hoje, o diagnostico e estadiamento dos tumores cerebrais leva em
conta ndo sO as caracteristicas morfologicas do tumor mas também a presenca de
marcadores moleculares adicionais (30,31).

O glioblastoma (GB) ¢ o tumor cerebral primario de maior incidéncia entre os
adultos, representando cerca de 50% de todas as neoplasias do SNC (32,33). Classificado
pela Organizacdo Mundial da Satde (OMS) como glioma de grau 4, o GB ¢ caracterizado
por seu crescimento altamente infiltrativo, presenga de areas necroticas e vascularizacao,

que o garante sua elevada capacidade de angiogénese (34). A partir da atualizacdo da
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OMS realizada no ano de 2021, além da andlise anatomopatoldgica os tumores
classificados como GB apresentam a auséncia de mutacdes na enzima isocitrato
desidrogenase (IDH), sendo chamados de IDH selvagem, e mutacdes nos genes da
helicase ATRX (ATP-dependent X-linked helicase) dentre outros, como a proteina p53
(TP53) ou o receptor do fator de crescimento epidérmico (EGFR) (31,35,36) (Figura 7).
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Figura 7: Fluxograma da classificagdo e estadiamento de gliomas de acordo com a atualizagdo da
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WHO realizada no ano de 2021. O novo processo de estadiamento do tumor leva em consideragdo a andlise
da morfologia das células, a partir de um ensaio anatomopatoldgico, e do uso de marcadores moleculares,
como a enzima IDH por exemplo. Em vermelho estd demonstrada o caminho até o diagndstico do GB,

glioma de grau 4. Fonte: imagem adaptada de (36).

O protocolo convencional para o tratamento do GB inclui a resseccao cirargica do
tumor, seguida da aplicacdo de radioterapia e de quimioterapia utilizando a temozolomida
(TMZ), comercialmente conhecida como Temodal® (37). A escolha do TMZ como
padrdo ouro se d4 devido a possibilidade dessa molécula de permear a BHE, chegando
até o local do tumor, o que ¢ um dos principais limitantes para a utilizacao de outros tipos
de medicamentos quimioterapicos combinados a ela (38). Ainda, a presenga de mutacdes

ligadas a via da enzima O-6-metilguanina-DNA metiltransferase, abreviada como
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MGMT, esté intimamente ligada a eficiéncia da resposta do paciente frente ao tratamento
com o TMZ (39).

A enzima MGMT ¢ uma enzima de reparo do DNA, tendo a funcdo de remocao
de grupamentos metil (27). Agentes alquilantes como o0 TMZ promovem o aumento dos
grupamentos metil com o objetivo de gerar dano ao DNA e, consequentemente, morte
tumoral (39). Entretanto, a ativagdo da via da MGMT antagoniza a acdo do TMZ,
diminuindo a taxa de sucesso do tratamento quimioterapico (27). Somente 40% dos
pacientes diagnosticados com GB apresentam metilacdo do gene promotor de MGMT e,
portanto, uma resposta eficiente ao uso do TMZ, enquanto o restante dos pacientes que
ndo apresentam a muta¢cdo ndo se beneficia do mesmo tratamento (40).

Em adig¢do a isso, o manejo clinico do GB sofre também com as limita¢des
relacionadas a ocorréncia de altas taxas de resisténcia a terapia padrdo (41,42). Essa
resisténcia se d4 devido a propria natureza heterogénea do tumor, mas também esta
relacionada ao carater adaptativo que as células tumorais demonstram frente as condi¢des
ambientais proporcionadas pela radio e quimioterapia (42). Exemplo disso ¢ que apesar
do tratamento com TMZ apresentar certa eficiéncia inicial, a eficacia terapéutica acaba
esbarrando no desenvolvimento de quimiorresisténcia (43). Cerca de 90% dos GBs sdo
recorrentes nos pacientes, além de se apresentarem insensiveis ao tratamento repetido
com o uso do TMZ, o que torna a terapia existente apenas paliativa (43). E o uso de
tratamentos mais atuais baseados na imunoterapia, que se apresenta eficiente no
tratamento de diversos outros tipos de cancer, ainda acaba gerando uma resposta
terapéutica pobre em pacientes com GB (44,45).

Diante de tudo isso, o progndstico para o GB continua extremamente
desanimador, levando a uma sobrevida média dos pacientes de cerca de 12 - 14 meses
apos o diagndstico inicial (37). E, apesar dos intensos esforgos e pesquisas realizados nas
ultimas décadas em diversas areas almejando o completo entendimento das origens
bioldgicas e da fisiopatologia do GB, ainda existem limitagdes relevantes que dificultam
a busca por novos tratamentos e na falta de estratégias terapluticas alternativas a
quimioterapia usual, que permanece sem atualizagdes desde o ano de 2005 (46). Portanto,
¢ essencial que sejam estabelecidas novas frentes de estudos que busquem melhor
compreender os mecanismos por tras da malignidade e rapida progressao desses tipos de
tumores tao agressivos, na tentativa de desenvolver alternativas ao seu atual tratamento e

terapias mais eficazes.
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4. O papel do astrocito no microambiente do glioblastoma

Como ja& mencionado anteriormente, os astrocitos sdo reconhecidos por sua
participagdo na resposta tecidual do cérebro frente a condi¢des patologicas (24).
Consequentemente, cada vez mais estudos sdo realizados com o objetivo de melhor
compreender como a fun¢do astrocitdria estd relacionada ao desenvolvimento e
progressdo de diversas patologias do SNC. Diversos grupos de pesquisa trazem o papel
central do astrocito na resposta neuroinflamatoria relacionada a doencas de carater
neurodegenerativo ou até envolvendo situacdes de trauma ao tecido cerebral (24).
Entretanto, apesar de ser uma populacdo celular de grande nimero no SNC, a relagao
entre astrocitos e tumores cerebrais ainda ¢ pouco estudada.

Mais especificamente sobre o GB, a sua elevada agressividade e malignidade ¢
associada ao microambiente estabelecido ao redor do tumor, chamado de microambiente
tumoral (no inglés, tumor microenvironment, abreviado como TME) (47,48). O TME
consiste em uma interagdo complexa entre células tumorais e tipos de células ndo
neoplasicas ao redor do tumor, incluindo células imunes, células endoteliais, fibroblastos
e, no caso do GB, células gliais (49,50) (Figura 8). Apesar da expansdo das células
neoplésicas ser capaz de gerar o insulto que da inicio a criagdo do nicho tumoral, os
diferentes tipos de células ndo-transformadas presentes no meio sdo capazes de sofrer
também uma adaptacdo, participando assim de um processo continuo de tumorigénese
(51). Nesse sentido, as células tumorais demonstram ter a capacidade de “educar” as

células ao seu entorno, criando um ambiente totalmente favoravel a progressao do tumor.

tumoral

Figura 8: O microambiente tumoral do GB. As células tumorais interagem com diferentes tipos celulares,

como astrocitos, neurdnios, oligodendrocitos e microglia. Fonte: Ilustragdo adaptada de (52).
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O crescimento da massa tumoral leva ao aumento da inflamagao e vascularidade,
0 que contribui para o aumento da permeabilidade vascular, permitindo o influxo de
células e substancias da periferia para o SNC devido ao comprometimento da BHE (41).
A perda da integridade da BHE resulta na entrada de células imunes periféricas, como os
macrofagos (53). De fato, as principais células encontradas no microambiente tumoral
sdo as relacionadas ao infiltrado imune. A maioria de células imunes s3o os macrofagos
(>95% da populacao de células imunes), geralmente compreendendo cerca de 30% - 50%
da massa tumoral e que, juntamente com a microglia residente do tecido, sdo
denominados como macrofagos/microglia associados ao tumor (tumor-associated
macrophages/microglia — TAM) (50,54). A diferenga entre essas duas populagdes ¢
relacionada de acordo com a sua ontogénese: a microglia residente do SNC tem
progenitores que migraram para o SNC durante o desenvolvimento embriondrio; e os
macrofagos, diferenciados a partir de mondcitos provenientes da medula-6ssea e que
extravasaram a BHE quando recrutados (55).

Os componentes celulares do microambiente tumoral podem apresentar
diferentes fungdes, seja dando suporte ao crescimento do tumor, ou até inibindo as suas
propriedades de malignidade (49) (Figura 9). A comunicagdo direta ou indireta entre as
células do tumor e as células presentes no TME também ¢ um importante fator a ser
considerado. A troca de informacdes através de vesiculas extracelulares, pequenas
vesiculas contendo proteinas de sinalizacdo ou RNAs regulatorios, ou por meio de fatores
quimicos como a hipoxia relacionam-se com o estabelecimento de um ambiente

condicionado e propicio para o desenvolvimento do tumor (52,56).
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Figura 9: Representacdo esquematica dos componentes do TME nos gliomas/glioblastoma. O TME destes
tumores ¢ um sistema complexo, heterogéneo ¢ interativo composto nao s6 de células tumorais, mas
também de células-tronco tumorais, células imunes, nervosas ¢ do sistema vascular, além da matriz
extracelular. A comunicagdo entre esses componentes se da através de fatores diretos e indiretos, que podem
alterar de forma quimica (pH, nivel de oxigénio) o microambiente, modulando o entorno do tumor a fim de

favorecer a progressdo tumoral. Fonte: Imagem adaptada de (56).

Além de TAMs e células T-regulatérias, outras populagdes de células ndo-
neoplédsicas sdo encontradas em menor nimero, como as células precursoras de
oligodendrocitos, neurdnios e oligodendrocitos maduros, além de astrocitos. Porém,
ainda ndo existem evidéncias suficientes que expliquem como elas contribuem no
crescimento do tumor. A hipdtese de que astrocitos ndo-neopléasicos sofram ativagdo
através do contato com células tumorais tem surgido em alguns trabalhos na literatura nos

ultimos anos (54,57).
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Astrocitos reativos podem modular a resposta imune por meio da sua acdo
ativando vias de sinaliza¢do, como a via do fator NF-kB (fator nuclear kappa B), e
também produzindo citocinas pré-inflamatorias, dentre elas interleucina-1 (IL-1p), fator
de necrose tumoral-alfa (TNF-a), interleucina-6 (IL-6), interferon-gama (IFN-y) e fator
de crescimento transformador-beta (TGF-B) (54). A liberacdo destes mediadores pode
levar ao aumento de substancias neurotoxicas e com potencial neuroinflamatdrio, como
o 6xido nitrico (NO), o peroxido de hidrogénio (H20.) e o glutamato, neurotransmissor
excitatorio no SNC (54,58).

Ademais, as regides de hipdxia, muito caracteristicas no GB, além de
produzirem fatores conhecidos por suas propriedades proangiogénicas, os HIFs (hypoxia-
inducible factors), também aumentam a liberacdo de TGFp, que estd intimamente
relacionado ao recrutamento e polarizagao de macrofagos para o fenotipo TAM (56). A
secrecdo de TGFp, juntamente com outras moléculas imunossupressoras como a
interleucina 10 (IL-10), podem também desencadear a fendtipos reativos do astrocito
relacionado ao reparo tecidual (59). Astrocitos deste fenotipo podem ser particularmente
importantes na progressao tumoral por impulsionarem a invasao das células tumorais nos
tecidos adjacentes, através da liberagdo de componentes da matriz extracelular como o
colageno e versican, e proteinas de adesdo celular (por exemplo a CD44) (16).

Diante do exposto, fica claro que astrécitos possuem um relevante potencial de
participagdo no TME de GBs. Entretanto, a similaridade molecular e fenotipica que
astrocitos e células tumorais do GB compartilham dificultam a realizagdo de estudos que
visam melhor compreender a contribuicdo dos astrécitos na progressdo de GB. Isso
implica na relativa baixa quantidade de informagdo sobre eles e sobre como eles se
comunicam com as células tumorais no SNC. Porém, ¢ inegavel que este seja um caminho
fértil para o estabelecimento de novas frentes de pesquisa.

Nesse sentido, a presente tese buscou utilizar marcadores moleculares alternativos
para identificar astrdcitos e isola-los das células tumorais. Para tal, foi utilizado o
marcador astrocyte cell surface antigen-2 (ACSA-2). Este marcador ja foi descrito na
literatura pelo seu uso em trabalhos envolvendo o isolamento e posterior cultivo priméario
de astrocitos provenientes de roedores (20). ACSA-2 ¢ a abreviagdo para astrocyte cell
surface antigen-2 (traducdo livre: antigeno de superficie celular de astrdcitos-2), e os
astrocitos ACSA-2" também se apresentam positivos em relagdo a outros marcadores

astrocitario classicos , como GFAP, S1008, ALDHIL1 e GLAST (20).
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Diante do que ja ¢ bem estabelecido acerca deste complexo sistema de reatividade
de astrocitos, sugere-se que o TME seja capaz de induzir astrdcitos reativos de diferentes
fenotipos, que divergem em expressao de genes, estrutura celular, sinalizacdo e, por fim,
em fungdo, contribuindo ndo s6 com processos de reparo tecidual, mas também podendo
estar envolvidos em mecanismos patoldgicos relacionados ao desenvolvimento e

progressao do GB (54,57,59-61).

5. A modulacio do sistema adenosinérgico no microambiente do GB

Primeiramente descrita por Geoffrey Burnstock em 1972, a sinalizagdo
purinérgica refere-se a sinalizacdo mediada pelas purinas, especialmente ao nucleotideo
ATP e seus produtos de hidrolise, adenosina difosfato (ADP), adenosina monofosfato
(AMP) e, por fim, o nucleosideo adenosina. O ATP e a adenosina, quando no meio
extracelular, atuam como mensageiros ao interagir com seus respectivos receptores
purinérgicos localizados na superficie dos diferentes tipos celulares, sendo capazes de
sinalizar uma variedade de efeitos, como a proliferagdo, morte, migragdo, diferenciacdo
celular e resposta imune (62—64).

A regulagdo dos niveis de adenosina no meio extracelular ¢ realizada
principalmente pela atividade das ectonucleotidases, enzimas localizadas na membrana
das células com seu sitio catalitico voltado para o meio extracelular, responséaveis pela
hidrolise de ATP até a geracdo de adenosina (65). As duas principais enzimas desse
sistema sdo a ectonucleosideo trifosfato difosfohidrolase 1 (NTPDasel), também
conhecida pela sigla CD39, e a ecto-5’-nucleotidase (ecto-5’-NT), a CD73 (63). Enquanto
a NTPDasel/CD39 catalisa a hidrélise de ATP em ADP, ¢ ADP em AMP, a ecto-5’-
NT/CD73 realiza a hidrolise do AMP extracelular para a formacao de adenosina (62). Os
receptores purinérgicos do tipo P1 (P1Rs) representados pelos receptores A1R, A2AR,
A2BR e A3R respondem especificamente a molécula de adenosina. Ja os receptores do
tipo P2 sdo subdivididos em 2 subclasses: P2XR1-7 ionotropicos os quais respondem
exclusivamente ao agonista ATP, enquanto os receptores P2YR1 2.4,6,11-14 metabotropicos
sdo sensibilizados por ATP, ADP, UTP e UDP (66). A ilustragdo da cascata de hidrdlise

completa, além dos receptores esta demonstrada na figura 10.
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Figura 10: Representacdo grafica da cascata purinérgica contendo enzimas de hidrolise de

nucleotideos/nucleosideo e os receptores especificos. Fonte: imagem adaptada de (66).

Em condigdes nao patoldgicas, o balanco entre a liberagdo e o consumo de ATP
no meio extracelular ocorre de forma regulada e, portanto, a quantidade de nucleotideos
extracelulares permanece constante e em baixas concentragdes, na ordem de nanomolar
(nM) (67). No TME, h4d uma importante desestabilizacdo deste eixo, favorecendo o
acimulo de ATP em niveis altissimos que podem chegar a uma concentragcao na ordem
de micromolar (uM) (68,69). Essa elevagdo ¢ encontrada no TME da grande maioria dos
tumores s6lidos, e € proveniente da liberagdo de ATP a partir das células sob condi¢ao de
estresse celular ou em processo de morte (67).

O ATP extracelular possui a capacidade de modular a resposta inflamatoria
(68,70,71). Além disso, por meio de sua hidrdlise, ele também ¢ substrato primario para
a producdo de adenosina no TME (63). Em tecidos saudaveis, o papel principal da
adenosina é a protecdo tecidual e a prevencdo de lesdes, funcionando como um
contraponto as atividades pro-imunogénicas e pro-inflamatérias da molécula de ATP
(67). Em contextos patoldgicos, como isquemia, trauma e inflamacdo no geral, as
concentragdes de adenosina extracelular sdo de 10 a 20 vezes maiores do que os niveis
normais (67). A adenosina também se encontra aumentada no intersticio de tumores
cerebrais, e os niveis aumentados deste nucleosideo estdo envolvidos na resposta anti-
inflamatoria nos tecidos, estabelecendo um microambiente imunossupressivo que protege
os tumores do ataque imune e leva a evasdo imune tumoral (65,67,68).

E evidente que a sinalizagdo purinérgica é uma via chave na progressio e

malignidade de tumores (72). A alta concentragdo de ATP e, consequentemente, de
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adenosina no TME tem a capacidade de mediar atividades pré-tumorais induzindo a
prolifera¢do, migracdo e invasao das células tumorais, além de favorecer a angiogénese e
quimioresisténcia (67). Tanto as células tumorais e como as células imunes presentes no
TME, como os TAMs e células T, expressam enzimas e receptores especificos para os
diferentes mediadores purinérgicos (63,67). Dessa forma, a sinaliza¢do purinérgica, em
especial as vias de sinalizagdo mediada pela adenosina — a via adenosinérgica — possui
um potencial relevante como um importante alvo terapéutico na busca por melhorar a
efetividade do tratamento de tumores, principalmente relacionado ao fortalecimento e
aperfeicoamento da terapia imune.

As terapias antitumorais desencadeiam a liberacdo de altos niveis de ATP nos
compartimentos extracelulares, o que funciona como um Padrao Molecular Associado ao
dano (DAMP) para induzir respostas imunes tanto inatas quanto adaptativas (73). Uma
vez que a adenosina ¢ conhecida por inibir a atividade das células imunes efetoras e ativar
células regulatorias imunossupressoras, suprimindo assim a resposta imune, torna-se
interessante que a extensao da liberagdo de ATP para o compartimento extracelular e sua
degradacdo em adenosina devam ser controladas e limitadas (73). No caso do GB, estudos
pré-clinicos ja mostram que a modulagdo da via adenosinérgica apresenta resultados
promissores em revigorar a respostas antitumorais, como aumentando a resposta ao
tratamento quimioterapico, diminui¢ao do tumor e aumento da sobrevivéncia (68,74—76).

Dados pré-clinicos utilizando como alvo tanto a inibi¢ao da geracdo de adenosina
como o antagonismo dos receptores adenosinérgicos mostram de forma significativa uma
diminui¢do dos niveis de imunossupressdao do TME e, assim, a inibi¢cdo do crescimento
tumoral (63). A fonte mais importante de adenosina extracelular ¢ a enzima ecto-5’-
NT/CD73, e a sua expressdo em tumores tem sido relacionada a um aumento dos
processos de migracdo, invasdo, formacdo de metastases, quimioresisténcia e
neovascularizagdo (77). Além disso, a inibi¢do da expressdo e da atividade dessa enzima
acarreta um melhor progndstico e na diminuig¢do do crescimento tumoral (68,74,77-79).
Diante dos resultados expostos na literatura, ¢ possivel entender a relevancia dessa enzima
na progressao tumoral do GB.

Na literatura ja ¢ bem estabelecida a relacdo de enzimas e receptores
sensibilizados pela adenosina na membrana das mais diversas células imunes
relacionadas ao microambiente do GB. Em relagdo as demais células do TME, diversos
estudos na literatura descrevem a presenca de receptores e enzimas purinérgicos na

membrana de células gliais, especificamente do astrocito, incluindo NTPDasel,
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NTPDase2, P2X7R, A1R e A2AR (80-83). No entanto, ainda ha limitacdo no
entendimento do papel da sinalizacdo purinérgica em relacdo ndo s6 a reatividade do
astrocito em tumores cerebrais, mas também na polarizagdio de astrocitos
Al/neurotéxicos ou A2/neuroprotetores.

Diante de tudo isso, torna-se evidente o gap existente na literatura acerca do
envolvimento da sinalizagdo adenosinérgica na polarizacdo de astrocitos presente no
TME. Logo, o objetivo do presente trabalho foi, primeiramente, realizar uma pesquisa na
literatura existente sobre o tema, delineando possiveis hipoteses que relacionassem a
modulacdo da via adenosinérgica com a ativacdo dos astrocitos associados ao tumor
provenientes do microambiente do GB. Subsequente a isso, o efeito da modulagdo da
principal enzima produtora de adenosina —a CD73 — foi avaliado, no sentido de melhor
compreender os efeitos da adenosina no TME apos a aplicagdo de radioterapia, € também

no perfil dos astrécitos associados ao tumor.
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OBJETIVOS

Diante do exposto, o presente trabalho teve como objetivo principal avaliar os
efeitos da sinalizagdo adenosinérgica no microambiente estabelecido pelo glioblastoma,
principalmente relacionado a influéncia dos astrocitos associados ao tumor na progressao

tumoral.

1. Realizagdo de analise critica da literatura cientifica a fim de avaliar a participagao
da sinaliza¢do adenosinérgica na polarizagdo astrocitica e na promog¢dao do

crescimento de GB;

2. Determinacdo do efeito da adenosina na resisténcia in vitro ao tratamento
radioterapico, através do bloqueio farmacoldgico da enzima CD73 em diferentes

linhagens celulares de glioblastoma;

3. Investigacdo do impacto do microambiente de GB sobre a reatividade astrocitaria
e as consequéncias dessa modulacdo sobre a progressdo tumoral utilizando a

ferramenta de Single cell RNA-seq.



34

ARTIGO CIENTIFICO 1

ADENOSINERGIC SIGNALING AS A KEY MODULATOR OF THE GLIOMA
MICROENVIRONMENT AND REACTIVE ASTROCYTES

Gabriela N. Debom!*, Dominique S. Rubenich!* and Elizandra Braganhol'**
q g

"Programa de Po6s-graduagio em Biociéncias, Universidade Federal de Ciéncias da Satde de Porto

Alegre, Porto Alegre, Brazil
nstituto de Cardiologia do Rio Grande do Sul, Instituto de Cardiologia - Fundagio Universitaria de
Cardiologia, Porto Alegre, Brazil

“These authors have contributed equally to this work
*Correspondence: ebraganhol@ufcspa.edu.br

Manuscrito de revisao publicado no periodico Frontiers in Neuroscience, Section
Neuropharmacology

DOI: 10.3389/fnins.2021.648476

Endereco eletronico da publicagdo na revista:

https://www.frontiersin.org/articles/10.3389/thins.2021.648476/full

Fator de impacto: 3.707.



',\' frontiers
in Neuroscience

35

REVIEW
published: 05 January 2022
doi: 10.3389/fnins.2021.648476

OPEN ACCESS

Edited by:

Rui Daniel Prediger,

Federal University of Santa Catarina,
Brazil

Reviewed by:

Peter McCormick,

Queen Mary University of London,
United Kingdom

Rodrigo A. Cunha,

University of Coimbra, Portugal

*Correspondence:
Elizandra Braganhol
ebraganhol@ufcspa.edu.br

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Neuropharmacology,

a section of the journal
Frontiers in Neuroscience

Received: 31 December 2020
Accepted: 03 December 2021
Published: 05 January 2022

Citation:

Debom GN, Rubenich DS and
Braganhol E (2022) Adenosinergic
Signaling as a Key Modulator of the
Glioma Microenvironment

and Reactive Astrocytes.

Front. Neurosci. 15:648476.

doi: 10.3389/fnins.2021.648476

®

Check for
updates

Adenosinergic Signaling as a Key
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Microenvironment and Reactive
Astrocytes
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Astrocytes are numerous dlial cells of the central nervous system (CNS) and play
important roles in brain homeostasis. These cells can directly communicate with
neurons by releasing gliotransmitters, such as adenosine triphosphate (ATP) and
glutamate, into the multipartite synapse. Moreover, astrocytes respond to tissue injury
in the CNS environment. Recently, astrocytic heterogeneity and plasticity have been
discussed by several authors, with studies proposing a spectrum of astrocytic activation
characterized by A1/neurotoxic and A2/neuroprotective polarization extremes. The
fundamental roles of astrocytes in communicating with other cells and sustaining
homeostasis are regulated by purinergic signaling. In the CNS environment, the
gliotransmitter ATP acts cooperatively with other glial signaling molecules, such as
cytokines, which may impact CNS functions by facilitating/inhibiting neurotransmitter
release. Adenosine (ADO), the main product of extracellular ATP metabolism, is
an important homeostatic modulator and acts as a neuromodulator in synaptic
transmission via P1 receptor sensitization. Furthermore, purinergic signaling is a
key factor in the tumor microenvironment (TME), as damaged cells release ATP,
leading to ADO accumulation in the TME through the ectonucleotidase cascade.
Indeed, the enzyme CD73, which converts AMP to ADO, is overexpressed in
glioblastoma cells; this upregulation is associated with tumor aggressiveness. Because
of the crucial activity of CD73 in these cells, extracellular ADO accumulation in the
TME contributes to sustaining glioblastoma immune escape while promoting A2-
like activation. The present review describes the importance of ADO in modulating
astrocyte polarization and simultaneously promoting tumor growth. We also discuss
whether targeting of CD73 to block ADO production can be used as an alternative
cancer therapy.

Keywords: tumor microenvironment, glioblastoma, tumor-associated astrocyte, A2-like astrocyte, adenosine,
CD73
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INTRODUCTION

In the last few vyears, astrocytes have received increased
attention, with many studies aimed at in-depth understanding
of their functions in the healthy brain and in central
nervous system (CNS) pathologies (Khakh and Sofroniew, 2015;
Escartin et al., 2019). Reactive astrocyte responses have been
described as detrimental in different pathologies, including
neuroinflammatory and neurodegenerative diseases and brain
tumors (Liddelow and Barres, 2017).

In this regard, glioblastoma (GB) is the most common and
aggressive primary tumor in the CNS (Huse and Holland, 2010).
Although many researchers have attempted to develop new
therapeutic strategies for GB, patients continue to show a short
median survival time (Huse and Holland, 2010; Noroxe et al.,
2016; Di Carlo et al., 2019). The tumor microenvironment (TME)
contains not only GB cells, but other normal cells such as immune
cells and astrocytes that contribute to cancer progression and
may shape the tumor cell response to radio-chemotherapy (Wang
et al., 2017; Najafi et al., 2019; Wei et al., 2020). Therefore, GB-
astrocyte crosstalk may explain the poor prognosis of patients by
improving the understanding of how astrocytes contribute to GB
progression, which can provide new biological treatment targets
(Brandao et al., 2019).

The presence of extracellular adenosine triphosphate (ATP)
and its hydrolysis products, namely ADP, AMP, and adenosine
(ADO), triggers the purinergic signaling cascade (Burnstock,
2007; Di Virgilio et al., 2009). The biological effects of
extracellular purines and pyrimidines are mediated by P1
and P2 purinoceptors (Zarrinmayeh and Territo, 2020). ADO
mediates the sensitization of the P1 receptors named AR,
AAR, AR, and A3R (Fredholm et al, 2011). The P2 family
is subdivided into ionotropic P2X (1-7) and metabotropic P2Y
(P2Y1, 2, 4 6> 11> 12> 13> 14) Teceptors (Burnstock, 2007; Di Virgilio
et al., 2018). ATP plays a dual role in the TME by exhibiting
anti- or pro-tumor effects depending on its extracellular
concentration, the presence of purinergic receptors, and the
combined activity of ectonucleotidases, such as ecto-nucleoside-
triphosphate-diphosphohydrolases (E-NTPDases) and CD73,
which metabolize ATP to ADO in the extracellular space
(Allard et al.,, 2016, 2017). The amplitude of the agonist effects
of ATP and its metabolite ADO is critical for maintaining
the TME, as these signaling molecules have tumor-promoting
activities in immune escape, angiogenesis, cell proliferation, and
migration (Allard et al, 2016, 2020; Di Virgilio et al., 2016,
2018). In addition, extracellular ATP and ADO have important
roles in neurodegenerative, cognitive, and psychiatric disorders.
ADO modulates synapse function by altering neuron firing in
different brain regions, contracting the local vasculature, and
exerting immune/neuromodulatory effects (Dunwiddie, 1985;
Redzic et al., 2010; Hinton et al., 2014; Allard et al., 2016; Di
Virgilio et al., 2016). In this regard, selective participation of
purinergic signaling in astrocytes has been well-established and
recently reviewed (Illes et al., 2019; Agostinho et al., 2020; Lopes
etal., 2021). However, astrocytic polarization has recently gained
attention, although little is known about the contribution of
extracellular purines to Al/neurotoxic or A2/neuroprotective

astrocyte polarization. The present review summarizes the
available evidence on the participation of purinergic signaling,
mostly involving ADO, in modulating the astrocyte phenotype
in the TME and its further impact on GB progression.

ROLE OF REACTIVE ASTROCYTES IN
THE BRAIN

Astrocytes are abundant and complex glial cells in the CNS and
are key elements involved in brain homeostasis (Sofroniew and
Vinters, 2010). Astrocytes establish and maintain the blood-brain
barrier with their cell end-feet (Ballabh et al., 2004; Verkhratsky
and Nedergaard, 2018). Moreover, these glial cells are tightly
integrated into neural networks, participating in synaptic
transmission regulation via uptake of the neurotransmitter
glutamate, and communicate with neighboring cells through
Ca?*t signals (Clarke and Barres, 2013). Astrocytes form a
fundamental part of synaptology together with the pre- and
postsynaptic neuronal compartments as part of the multipartite
synapse (Verkhratsky and Nedergaard, 2018).

Astrocytes undergo a set of morphological changes in their
normal state in response to CNS insults (Wilhelmsson et al,
2006; Sofroniew, 2009; Burda et al., 2016; Liddelow et al,
2017). The reactivity of astrocytes is a universal reaction that
occurs in response to cerebral injury. Under stress condition,
these cells assume a wide range of new characteristics in brain,
becoming hypertrophic, upregulating intermediate filaments
such as nestin, vimentin, and glial fibrillary acidic protein, and
in some cases, activating proliferation process (Pekny and Pekna,
2014; Boccazzi and Ceruti, 2016; Guan et al., 2018). Reactive
astrocytes are observed in the brains of patients suffering from
various pathological conditions, including trauma, infection,
neurodegeneration, and ischemia (Zamanian et al., 2012).

Because of their variable roles in different pathological
conditions, reactive astrocytes remain controversial. Although
they are recognized as the pathological hallmark of CNS
structural lesions, previous studies reported that, in addition
to supporting CNS recovery, astrocytes could inhibit axon
regeneration after CNS injury and produce proinflammatory
cytokines that exacerbate neuroinflammatory damage (Sofroniew
and Vinters, 2010; Zamanian et al., 2012; Liddelow et al,
2017). Recently, astrocytes were shown to react to insults in an
activation spectrum, similar to that observed in macrophages
and microglia in the CNS, assuming two opposite phenotypes
in a spectrum of polarization: Al-astrocyte and A2-astrocyte
(Liddelow and Barres, 2017; Figure 1A). Al-astrocytes are
neurotoxic and associated with injuries and neurodegenerative
pathologies such as Alzheimer’s disease (Goetzl et al., 2018; Carter
et al.,, 2019; Grimaldi et al., 2019), Parkinson’s disease (Hinkle
et al,, 2019), and Huntington’s disease (Diaz-Castro et al., 2019).
Moreover, Al-astrocyte polarization has been associated with
normal brain aging, which supports the involvement of Al-
astrocytes in neuroinflammation (Clarke et al., 2018). In contrast,
A2-astrocytes tend to be neuroprotective and promote neuronal
survival (Singh et al., 2019). Therefore, once induced, these two
extremes of cell phenotypes diverge in gene expression, cell
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structure, signaling, and overall function (Escartin et al., 2019).
The plasticity of astrocytes that enables them to exert diverse
responses to injuries has become a topic of research interest,
representing an opportunity to explore specific therapeutic
strategies for brain pathologies including GB (Pavlou et al., 2019).

TUMOR MICROENVIRONMENT OF THE
BRAIN: THE IMPORTANCE OF
MICROGLIA-ASTROCYTE CROSSTALK

Glioblastoma is considered as the most common and aggressive
primary brain tumor, accounting for more than 40% of
neoplasms of the CNS (Huse and Holland, 2010; Di Carlo et al.,
2019). Clinically, gliomas are divided into four degrees, grade I as
benign, which show slow proliferation rate and good prognosis
after surgical removal; grade II gliomas, which are slightly more
severe and capable of progressing to higher grades; and grade III
and IV gliomas, which are the most aggressive and characterized
by a high rate of cell proliferation, spreading rapidly through the
normal parenchyma of the CNS (Noroxe et al., 2016; Verano-
Braga et al, 2018). Moreover, GB (grade IV glioma) exhibits
higher angiogenesis and necrosis when compared to grade I-
III gliomas, resulting in a short survival time of approximately
15 months in patients (Huse and Holland, 2010; Di Carlo
et al,, 2019). The first-choice treatment for GB involves surgical
removal combined with radio-chemotherapy with temozolomide
(TMZ), a DNA-alkylating agent (Stupp et al., 2005).

The TME directly influences tumor growth and proliferation.
The GB microenvironment comprises infiltrating and resident
immune cells, vascular cells, and glial cells such as astrocytes
and microglia (Chen and Hambardzumyan, 2018; Figure 1B).
The interactions of tumor cells with non-malignant cells in
the TME occur via direct cell-cell communication, shape tissue
reorganization, and tumor ecosystem modulation (Tirosh and
Suva, 2018), and impact the biology and aggressiveness of GB
(Azambuja et al., 2020a).

Tumor-associated macrophages are the dominant infiltrating
immune cell population in the tumor mass, constituting ~30-
40% of total cells of the GB bulk (Hambardzumyan et al., 2016;
Chen and Hambardzumyan, 2018). Microglia, as the resident
innate immune cell of the CNS, is also abundant in the GB TME
(Charles et al., 2011). Both macrophages and microglia display an
alternative phenotype of activation or M2-like polarization when
subverted by the tumor signals associated with growth, invasion,
and angiogenesis, in addition to contributing to the establishment
of an immunosuppressive environment (Da Fonseca et al., 2016;
Placone et al., 2016; Matias et al., 2017; Roesch et al., 2018).
In addition to macrophages and microglia, lymphocytes are
recruited to the tumor site, a relevant part of the TME. A higher
proportion of CD4% than CD8%cells in the TME is associated
with a high tumor grade and worst prognosis (Gieryng et al.,
2017; Strepkos et al., 2020).

Other non-neoplastic cells are found in smaller numbers,
such as oligodendrocyte precursor cells and neurons. Although
there is limited evidence explaining the contribution of glial
cells to immunosuppression, these cells have the potential to
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FIGURE 1 | Activation spectrum of astrocytes and the brain TME.

(A) Astrocytic spectrum of activation. Recent studies proposed that astrocytes
became reactive and assumed an activation spectrum characterized by two
extremes, the A1 and A2 phenotypes. The A1-astrocyte phenotype is
associated with neurotoxic and neuroinflammatory effects, whereas the
A2-astrocyte phenotype is related to neuroprotection. (B) Different cells
constitute the TME of GBs. Neurons, microglia, and glial cells, such as
astrocytes and oligodendrocytes, share the brain milieu with tumor cells,
establishing a complex ecosystem. These cells are surrounded by extracellular
matrix and susceptible to signals carried by tumor-derived exosomes. In
addition, monocytes can be recruited to the brain site and contribute to
forming the TME. Our hypothesis is that astrocytes in the TME assume an
A2-like astrocyte phenotype, partly explaining GB malignancy. TME, tumor
microenvironment; CNS, central nervous system; GB, glioblastoma.

alter the TME (Henrik Heiland et al., 2019). Communication
among these different cell types is an important process carried
out by the exchange of information via extracellular vesicles,
including exosomes, containing signaling proteins or regulatory
RNAs (Rajendran et al., 2014).

The interaction of GB cells with astrocytes around the
peritumoral area has become a topic of great interest. Reactive
astrocytes exhibit intimate crosstalk with activated microglia
and similar secreted factors such as interleukin-1f, interleukin-
6, and nitric oxide, which are related to GB progression
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(Liddelow and Barres, 2017; Jha et al., 2019) and a poor
prognosis for patients (Mega et al., 2020). This relationship
may also be essential for the immune aspects of the brain
tumor TME. Placone et al. (2016) suggested that astrocytes
promote the proliferation and invasion of tumor cells and
decrease chemotherapeutic efficiency by protecting malignant
cells from apoptosis (Chen et al., 2015). Moreover, astrocytes
cleave the inactive form of matrix metalloproteinase-2 (pro-
MMP2) to matrix metalloproteinase 2, which is involved
in tumor invasiveness (Le et al, 2003). Brandao et al.
(2019) demonstrated that astrocytes are involved in GB
progression, identifying reactive astrocytes around the tumor as
tumor-associated astrocytes characterized by high proliferation,
migration, and invasion to support tumor cell survival.
Studies have demonstrated that astrocytes release exosome
vesicles (EVs) containing promoters of angiogenesis and
immune modulation, further supporting the novel capabilities
of astrocytes in communicating with the TME (Proia et al,
2008; Hajrasouliha et al, 2013). Additionally, Leiss et al
(2020) highlighted astrocyte-glioma crosstalk, indicating that
platelet-derived growth factor is a potential astrocytic biomarker
associated with a poor prognosis in patients with GB.

Astrocytes in the peritumoral areas can be affected by
GB, causing leakage through the blood-brain barrier and
contributing to the entrance of a set of immune cells at the tumor
site (Watkins et al., 2014; Noroxe et al., 2016). The recruitment
of new tumor-associated macrophages and regulatory T-cells to
the TME and overall immunosuppressive microenvironment are
crucial for GB development and progression and are factors
that affect the poor response of this tumor to conventional
immunotherapy (Joyce and Fearon, 2015; Broekman et al., 2018;
Pasqualini et al., 2020).

In summary, tumors control their microenvironment to
establish an immunosuppressed niche. The tumor capacity to
“educate” non-transformed cells in the TME contributes to
escape from surveillance by avoiding an effective immune
response against tumor and preventing the recruitment of other
adaptive and innate immune cells that may inhibit tumor growth
(Da Fonseca et al., 2016). Therefore, tumor cells can effectively
alter the immune system from a protective to a detrimental state
and favor tumor progression (Chen and Hambardzumyan, 2018).
In accordance with these observations, increasing evidence has
revealed that astrocytes contribute to the immunosuppressive
characteristics of the TME, and that microglia-astrocyte crosstalk
is an important subject that requires further study (Placone et al.,
2016). Besides that, the discussion about astrocytic activation
states into the GB microenvironment needs to be amplified in
order to comprehend the complexity of GB phenotypes and the
diversity of the tumor ontogeny (Noroxe et al., 2016).

PURINERGIC SIGNALING IN
ASTROCYTES: FROM ADENOSINE
TRIPHOSPHATE TO ADENOSINE

ATP is known for its classic function in energy metabolism.
However, in the extracellular environment, this nucleotide is

crucial for the maintenance of physiological functions including
neuro/gliotransmission and immune/inflammatory responses
(Khakh and Burnstock, 2009). ATP can be metabolized to ADO
by ectonucleotidases, such as CD39 (NTPDasel) and CD73
(ecto-5'-nucleotidase), which play key roles by producing active
hydrolyzed products and recycling nucleotides (Burnstock, 2007;
Allard et al,, 2017). Adenosine deaminase (ADA) is responsible
for converting ADO to inosine, and both ADO and inosine can
be transported across cellular membranes through nucleoside
transporters (ENTs) (Boswell-Casteel and Hays, 2017; Pastor-
Anglada and Pérez-Torras, 2018; Figure 2A).

ATP is considered as a danger-associated molecule that is
released by injured cells into the extracellular medium during
inflammation (Minkiewicz et al., 2013). In addition, ATP can be
released by astrocytes through specific and regulated pathways
such as exocytosis (Pangrsic et al., 2007), vesicular release (Coco
etal., 2003; Zorec et al., 2016), or diffusion through ion channels,
specifically pannexin/connexin channels (Stout et al, 2002;
Suadicani et al.,, 2012). Increasing evidence has demonstrated
that both astrocytes and tumor cells express purinergic receptors
and purine-metabolizing enzymes, which can trigger a set of
biological effects in the CNS (Wink et al., 2003, 2006; Rodrigues
et al., 2015; Azambuja et al., 2019a; Illes et al., 2019; Campos-
Contreras et al., 2020). In line with this, ATP and ADO signaling
may have significant impacts on therapies for brain tumors such
as GB (Azambuja et al., 2019a,b, 2020c¢).

Astrocytes release various gliotransmitters, such as glutamate,
D-serine, and ATP (Figure 2B). Notably, after activation, a single
astrocyte releases both glutamate and ATP in the multipartite
synapse, leading to biphasic modulation of synaptic transmission
(Ma et al., 2016). Extracellular ATP is well-known for its role
in mediating astrocytic Ca?* waves (Guthrie et al., 1999) as
well as in astrocyte-mediated wound healing in glial scars (Singh
et al, 2015). Moreover, the catabolism of ATP likely represents
the source of ADO inactivating postsynaptic AypAR (Agostinho
et al., 2020), as well as the mechanism by which the release of
gliotransmitters by astrocyte exerts neuronal feedback actions
and eventually modulates synaptic transmission and plasticity
(Illes et al., 2019; Scemes et al., 2019).

As described above, microglia-astrocyte crosstalk is
instrumental to CNS functions and determines the fate of
astrocytes and microglia activation (Jha et al., 2019). Microglial
activation by lipopolysaccharide, a TLR4 agonist, induces the
release of ATP, which in turn stimulates P2Y; in astrocytes,
leading to the release of glutamate and further modulation
of neuronal activity (Pascual et al., 2012). Cortical astrocytes
respond to extracellular ATP under in vitro experimental
conditions, and astrocytic activation into a reactive phenotype,
including cell proliferation and glial fibrillary acidic protein
remodeling, depends on ATP levels (Suadicani et al,
2012). Similarly, Ficker et al. (2014) found a correlation
between P2X7 receptor sensitization and the development
of inflammatory and neuropathic pain, possibly involving
oxidative stress.

ATP can be converted into its breakdown product ADO in
the extracellular environment by ectonucleotidases. A previous
study reported a purinergic enzyme profile for E-NTPDases
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FIGURE 2 | Purinergic signaling and astrocytes. (A) Intracellular ATP is released from astrocytes via specific channels such as Panx-1. Extracellular ATP and its
breakdown products, ADP and ADO, are agonists of purinergic receptors, and the extracellular levels of nucleotides and nucleosides are regulated by
(Continued)
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FIGURE 2 | ectonucleotidases such as ENTPDs and CD73. ADA catalyzes irreversible deamination of ADO into inosine. ADO can return to the intracellular space
trough specific transporting channels, named as ENTs. Purinergic signaling plays an important role in many biological processes, including astrocytic functions. Both
ATP released from astrocyte and from neighboring cells can selectively bind to P2 receptors, whereas ADO binds to P1 receptors. Activation of purinergic receptors
in astrocytes can induce several functional responses, including the regulation of neural communication and immune/inflammatory responses. (B) ATP is an
important gliotransmitter released by astrocytes in combination with glutamate. The multipartite synapse is a key mechanism of neuron communication and plasticity.
(C) Astrocytes became reactive in response to injury. Here, we show the mechanism by which the elements of purinergic signaling are expressed or face this
response. The graphical representation of purinergic signaling shows A1-astrocyte in the left panel and A2-astrocyte in the right panel. Arrows represent the
described modulation of the elements found in reviewing the literature on the topic, and the interrogation points are represented as components without data already
described in the literature. ATP, adenosine triphosphate; ADP, adenosine diphosphate; AMP, adenosine monophosphate; ADO, adenosine; Panx-1, pannexin
channel 1; ADA, adenosine deaminase; ENTPDs, ecto-nucleoside-triphosphate-diphosphohydrolases; ENT, equilibrative nucleoside transporter.

and CD73 in rat astrocytes, demonstrating that extracellular
ATP is rapidly converted to ADP, and ultimately, to AMP by
NTPDase2, an ectoenzyme predominantly expressed in these
cells (Wink et al., 2003, 2006). As high levels of extracellular
ATP are neurotoxic, NTPDase2 activity in astrocytes may
protect neurons from damage, in addition to promoting
ADO production (Wink et al, 2006). In addition, CD73
overexpression was observed in reactive astrocytes as a possible
protective astrocyte repertoire during the symptomatic phase
of an experimental autoimmune encephalomyelitis model,
demonstrating the relationship between the ATP/ADO ratio
and acute inflammatory situations (Lavrnja et al., 2015). CD73
activity is also involved in astrocyte adhesion and migration,
possibly via interactions with the extracellular matrix (Adzic
et al., 2017; Adzic and Nedeljkovic, 2018).

In general, ADO is directly related to cellular processes
such as viability and adaptability (Cunha, 2016). However,
under pathological conditions, the ADO concentration
acts as a risk factor for CNS pathologies, including the
development/progression of neurodegenerative diseases and
brain tumors (Cunha, 2016; Azambuja et al., 2020e). Thus,
studies have focused on investigating astrocyte plasticity to
understand the role of ADO in pathological situations.

The ability of astrocytes to detect patterns of neural activity
is attributed to the fine adjustment of astrocyte signaling, which
in turn modulates synaptic transmission and contributes to the
most diverse forms of synaptic plasticity (Covelo and Araque,
2018; Mederos et al., 2019). Brain injuries caused by trauma or
stroke increase extracellular ADO levels (Hasko et al., 2005; Fusco
et al., 2018). In this regard, the P1 receptors AjR and A;5R are
located at synapses, particularly at excitatory ones, and cross-
communication between astrocytes and neurons regulates the
neural networks (Rebola et al., 2008; Illes et al., 2019). Indeed,
astrocytes depress excitatory synapses and potentiate inhibitory
synapses by activating AjR and AjaR, respectively (Martin-
Fernandez et al., 2017). Interestingly, astrocytic AysR modulates
glutamate-mediated signaling through a variety of mechanisms
(Rebola et al., 2008). For example, AysR influences glutamate
and GABA uptake by neurons, and selective A;sR activation
in astrocytes inhibits glutamate uptake by decreasing Na™/K*-
ATPases (NKAs) and the a2 subunit of NKA (Matos et al.,
2013). Based on these results, A;AR overexpression observed
in astrocyte reactivity contributes to the progression of brain
diseases, making this receptor a potential therapeutical target for
Alzheimer’s disease, Parkinson’s disease, and Sandhoff disease,
as previously reported and extensively revised (Ohta et al., 2006;

Matos et al., 2015; Scharbarg et al., 2016; Basanta and Anderson,
2017; Liddelow and Barres, 2017; Quail and Joyce, 2017;
Wesseling and Capper, 2018; Allen et al.,, 2019; Okada et al.,
2019; Schalla and Stengel, 2019; Azambuja et al., 2020d; data
summarized in Table 1).

Although A;AR has shown a protagonist effect in studies of
neurodegenerative disease, some neuroprotective actions have
been reported for A;gR sensitization. Moidunny et al. (2012)
observed a positive correlation among astrocytic leukemia
inhibitory factor protein expression, A;gR sensitization, and
further Gq/11-PLC-PKC-MAPK-NFkB cascade activation,
supporting the neuroprotective effect of A;gR under excitotoxic
conditions. In contrast, in an ischemia model, the use of A,gR
antagonists (MRS1754 and PSB603) partially limited astrocyte
proliferation, thus preventing neurodegenerative effects on
neurons (Fusco et al., 2018).

In addition to the relation with astrocytes, purinergic signaling
is also an important player in the microglial reactivity. In the
CNS, the P2X7 receptor is preferentially located on microglia
(Illes, 2020). Besides that, several authors have also been reported
the expression of P1 receptors in microglia, describing ADO as
a crucial modulator of microglia phenotype of CNS pathologies,
including cancer (Hammarberg et al., 2003; Synowitz et al., 2006;
Ferreira-Silva et al., 2020).

Extracellular ADO is ultimately converted to inosine by
ADA, which exerts many biological regulatory functions such
as protecting the brain against neuronal diseases. A very
informative study applied an experimental strategy for profiling
fibroblasts and inducing neuronal progenitor-derived human-
induced astrocytes from patients with amyotrophic lateral
sclerosis, to evaluate dysfunctional astrocytic energy metabolism.
The investigation revealed that induced human astrocytes had
reduced ADA activity, making the astrocytes more susceptible to
ADO-induced toxicity. In contrast, restoration of ADA activity
and/or supplementation with inosine stimulated the aerobic state
of astrocytes, increased the bioenergetic capacity, and decreased
neurotoxicity, thereby demonstrating a beneficial therapeutic
approach (Allen et al., 2019).

Considering the collective results of previous studies, AR,
AypR, and ADA activity in astrocytes is crucial for neuronal
maintenance and may contribute to the A2/neuroprotective
profile of astrocytes. In contrast, overexpression of A;azR
disrupts adenosinergic homeostasis and is involved in neuronal
degeneration, representing a classic condition of Al/neurotoxic
activation in astrocytes. These data are summarized in Table 1.
An imbalance of the adenosinergic pathway is common
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TABLE 1 | Purinergic signaling in astrocytes.

Nucleotide or Biological process Experimental Effect References
nucleoside/receptor/ system
channel/enzyme
ATP Neuroinflammation In vitro Induction of astrocytic reactivity by ATP Adzic et al., 2017
ATP Neuron and glia In vitro ATP released as an activation process of astrocytes Singh et al., 2015
plasticity
ATP/ADO Neuron and glia In vivo ATP/ADO are released downstream of the GABA-mediated Covelo and Araque,
plasticity astrocyte Ca2+t signal 2018
Panx1 Neuron and dlia In vivo Related to ATP release in astrocytes and better outcome of Scemes et al., 2019
plasticity seizures
pP2Xx7 Neuroinflammation and In vivo P2X7 receptors as a key mechanism in inducing pain Ficker et al., 2014
pain during inflammation
CD73 Cell adhesion/migration In vitro Upregulation of CD73 Adzic and Nedeljkovic,
2018
CD73 Neuroinflammation In vivo Neuroprotection of CD73 overexpression during acute Lavrnja et al., 2015
inflammation
ADO Neuron and glia Cerebral cortex Inhibition of astrocyte proliferation independent of P1 Marcelino et al., 2020
plasticity human receptor sensitization
astrocytes
P2Y4 + AzaR Neuron and glia In vivo ATP/ADO release impact synaptic plasticity and enhance Mederos et al., 2019
plasticity cognitive functions
rENT-1 Neurodegeneration In vitro Neuroprotection role of ADO after hypoxia and glucose Redzic et al., 2010
deprivation
ENT1 Neurodegeneration In vitro + In vivo Reduced GFAP expression in astrocyte cultures Hinton et al., 2014
ENT1-knockdown, and in ENT1~/~mice
AR Neuron and glia In vivo Neuromodulation by ATP release from astrocytes and Ma et al., 2016
plasticity (Drosophila) subsequent activation of AR on dopaminergic neurons
AR Neuron and glia In vitro + In vivo Activation of A1R receptors is increased by wakefulness Schmitt et al., 2012
plasticity
AR Neuron and dlia In vivo Astrocytic ATP and ATP-derived adenosine involved in the Florian et al., 2011
plasticity cognitive deficits following sleep deprivation
AR Neuroinflammation In vivo Induction of inflammation via LPS and control of sleep Nadjar et al., 2013
A1R Neuroinflammation In vivo Neuroprotective effects Kong et al., 2020
AR - AzaR Neuron and dlia In vivo Neuromodulation by regulating specific synapses via Martin-Fernandez et al.,
plasticity ATP/ADO 2017
AogR Neuron and glia In vitro Role of ADO in neuronal protection Moidunny et al., 2012
plasticity
AoaR Neuron and glia In vitro Increase in extracellular glucose concentration induces Scharbarg et al., 2016
plasticity astrocytic ADO release, regulating the need for sleep
A1R-A2aR Neuroinflammation Surgical Neuroprotective and anti-convulsive effect Huang et al., 2016
specimens
from glioma
patients
AoaR Neurodegeneration In vivo Neuroprotection after AoaR antagonism using MSX-3 Cerriet al., 2014
AoaR Neuron and glia In vivo Interaction between ApaR and D2-dopamine receptors Cervetto et al., 2018
plasticity
AoaR Neuron and dlia In vivo Dysfunction of astrocytic ApaR triggers the crosstalk Matos et al., 2015
plasticity between astrocyte and neuron
AoaR Neuroinflammation In vitro + In vivo Astrocytic activation via Ao aR as an important mediator of Ogawa et al., 2018
inflammation mediated by microglial activation
AoaR Neuron and dlia In vitro Astroglial glutamatergic transmission Okada et al., 2019
plasticity
AoaR Neurodegeneration In vitro Overexpression upregulates astrocytic genes related to Paiva et al., 2019
aging and astrocytic reactivity
AoaR - AogR Neuron and glia In vitro Activation of receptors in affecting synaptic networks and Eusemann et al., 2015
plasticity neuronal activity
AogR Neurodegeneration In vivo ADO as a neuroprotector Fusco et al., 2018
ADA Neurodegeneration In vitro Decrease of ADA activity Allen et al., 2019

ADA, adenosine deaminase; ADO, adenosine; AR, adenosine receptor; ATR adenosine triphosphate; ENT1, equilibrative nucleoside transporter 1; LPS,
lipopolysaccharide; Panx1, Pannexin 1; rENT1, rat equilibrative nucleoside transporter 1.
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in neuronal disorders. ADO exerts a strong inhibitory or
excitatory influence on neuronal synapses. Notably, neuronal-
stem cell-derived astrocytes can develop into GB (Yao et al,
2018). Therefore, it is essential to understand the activation
mechanisms of astrocytes and influence of ADO on their
proliferation and function.

ADENOSINERGIC SIGNALING IN
GLIOBLASTOMA MICROENVIRONMENT

Considering the lack of effective therapies for treating patients
with GBs, new biological targets must be identified, and
adenosinergic signaling has emerged as a candidate target
(Azambuja et al., 2019a,b, 2020c¢,d,e; Yan et al., 2019). Studies by
our group reported that CD73 overexpression in GB favors tumor
progression (Azambuja et al., 2019b, 2020c,d). Moreover, AjR
sensitization potentiates in vitro GB cell proliferation, migration,
and invasion and contributes to TMZ resistance (Azambuja et al.,
2019a). The importance of this protein in cell adhesion and
invasion has been verified, as it was observed that CD73 in GB
interacts with the extracellular matrix of the TME (Cappellari
et al., 2012b). Using an astrocytoma cell line (U373), A;pR
was described as a low-affinity receptor activated only by high
concentrations of ADO, which occurs in pathological conditions
such as hypoxia, and in contrast, A;AR was expressed under
physiological ADO levels in the brain (Eusemann et al., 2015).
Studies of CD73-FLK mice detected positive regulation of A;gR
in GB, and its blockage potentiated TMZ-induced tumor cell
death (Yan et al., 2019). AjR and A;5R are highly expressed in
high-grade gliomas, specifically in grade III astrocytoma. In low-
grade gliomas, A;R and A, AR exhibit low expression. ADO acts
as a neuroprotective agent and prevents hypoxic toxicity, that is,
deregulation of AjR and A; 4R axis influences the metabolism of
ADO in the invasive process of GB (Huang et al., 2016).

The tumor niche contains sites of hypoxia formed by the high
rate of cell proliferation, without a corresponding increase in the
rate of new blood vessel formation. This condition contributes
to increased extracellular ATP levels, and consequently, selects
the population of immunosuppressive cells present in the TME
(Trabanelli et al., 2012). Interestingly, hypoxia conditions and
the subsequent release of hypoxia-inducible factor-la have
been associated with the accumulation of extracellular ADO
in the TME via the CD39-CD73 axis and further signaling
through A;aR (Hatfield et al, 2014). Torres et al. (2019)
reported that extracellular ADO production was higher in
hypoxia conditions to promote cell migration and invasion in
a hypoxia-inducible factor-2 dependent process, whereas AzR
blockade reversed this effect. This corroborated the findings of
Niechi et al. (2019), who showed that ADO depletion decreases
tumor aggressiveness. In addition, clinical trials of cancer
immunotherapy targeting the “hypoxia-adenosinergic pathway”
through hyperoxic breathing stimulation and AR blockage in
combination with conventional anti-PD1/PDL1 immunotherapy
are underway (Ohta et al., 2006; Hatfield et al., 2015; Hatfield
and Sitkovsky, 2020). These trials are reporting promising results
in patients refractory to current therapies (Fong et al., 2020;

Willingham et al., 2020). However, it is important to highlight the
lack of studies on the therapeutic effect in human CNS tumors.

The release of EV's from tumor cells supports the ability of GBs
to communicate with distant cells. Interestingly, the content of
EVs reflects the activation state of the mother cell; hence, tumor
cells can proliferate and modulate acceptor cells (Matarredona
and Pastor, 2019; Zhang et al., 2019; Schuurmans et al., 2020).
Studies of EVs are emerging and have shown promising results
regarding their ability to maintain a propitious niche for tumor
development, as they can modulate immune, epithelial, and
glial cell signaling (Benito-Martin et al., 2015; Whiteside, 2017;
Almeida et al, 2019; Boomgarden et al., 2020). Particularly,
glioma cell lines as well as primary cultured cells released EVs
capable of promoting M2-like activation of tumor-associated
macrophages (Azambuja et al., 2020b). Moreover, exosomes, a
subclassification of EVs, carry ADO and its products, such as
inosine, hypoxanthine, and xanthine, which further contribute
to independent adenosinergic signaling (Azambuja et al., 2020a;
Ludwig et al., 2020).

Among the non-neoplastic cells comprising the TME,
astrocytes stand out because of their high phenotypic similarity
to GB cells (Galland et al., 2019). As mentioned earlier in
this review, the astrocyte spectrum of activation of the A2-like
phenotype is associated with the success of GB progression.
Astrocyte phenotypic modulation can be attributed to GB,
further supporting the invasion and resistance to therapy (Oushy
et al.,, 2018; Hallal et al., 2019). One of the main functions
of ADO in the extracellular environment is to act as a potent
immunosuppressive mediator, which benefits tumor progression
(Linden, 2011; Tozaki-Saitoh et al., 2011; Allard et al., 2016; Arab
and Hadjati, 2019).

Therefore, in agreement with the results of studies using
other non-transformed cells comprising the TME, such as
macrophages and microglia, the purinergic receptors and
ectonucleotidases may be integral components affecting the
phenotypic differentiation of tumor-associated astrocytes
(Figure 2C). A better understanding of the crosstalk among
microglia, astrocytes, and tumor cells may reveal innovative
therapeutic options based mainly on adenosinergic signaling to
overcome GB progression.

ADENOSINERGIC SIGNALING AS A
THERAPEUTICAL STRATEGY FOR
GLIOBLASTOMA

Considering the present review, it is possible to understand the
importance of astrocytes in maintaining homeostasis in the brain
and the effective participation of ATP and ADO signaling in
several processes related to health and disease. As the main
source of ADO in the CNS is extracellular ATP metabolism,
regulation of the hydrolysis of AMP to ADO may play a crucial
role in maintaining GB-associated immunosuppression and may
be an additional alternative for GB treatment in combination
with standard radio- and chemotherapy with TMZ. Indeed,
studies have shown the potential of P1 receptor antagonism
for anti-glioma therapy. For example, the A;gR blockage would
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FIGURE 3 | Adenosinergic signaling as a therapeutic target for GB treatment. (1) After hypoxia or other insults, microglia and astrocytes become reactive,
contributing to the release of ATP into the extracellular space. (2) Our hypothesis is that rapid conversion of ATP to ADO via CD73 activity expressed by both tumor
cells and A2-astrocytes in the TME promote immune escape. (3) ADO can sensitize P1 receptors, mainly AoaR, contributing to the maintenance of escape from
immune surveillance, and consequently, increasing tumor malignancy and progression. (4) ADO promotes an immunosuppressive TME, which inhibits T lymphocyte
recruitment and induces M2-like macrophage/microglia polarization. (5) In contrast, a therapeutic approach blocking CD73 may alter this entire pathway, (6) leading
to decreased extracellular ADO. (7) A decreased ADO concentration in the TME may contribute to A1-astrocyte polarization and consequent impairment of tumor
growth. A1-astrocytes overexpress AR, AzgR, and AgR, but this effect has not been elucidated in tumors. (8) In summary, a therapeutic approach aimed at
blocking adenosinergic signaling would establish an immune-attractive tumor microenvironment, resulting in the recruitment of effective immune cells to combat
tumor cells. ATP, adenosine triphosphate; AMP, adenosine monophosphate; ADO, adenosine; siRNA, small interfering RNA; TME, tumor microenvironment.
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contribute to recovering GB chemosensitivity to TMZ (Yan et al.,
2019). In addition, the pharmacological blockade of CD73 using
a selective inhibitor, the o,3-methylene adenosine 5'-diphosphate
(APCP) have been described as a potential therapy for several
tumors, such as melanoma, breast cancer, and gliomas (Koszatka
etal., 2014; Tomczyk et al., 2018).

By using CD73 as a molecular target and nanotechnology as a
strategy for siRNA delivery to the CNS, our group demonstrated
the potential of CD73 inhibition and knockdown for controlling
in vitro and in vivo tumor progression (Azambuja et al., 2019a).
According to our studies, the pharmacological inhibition as
well as the silencing of CD73 impaired the protumor activities
of CD73, decreasing the tumor volume and providing an
opportunity to overcome chemoresistance and/or improve the
TMZ effect (Azambuja et al., 2019a, 2020c,d). We also recently
reported the impact of blocking CD73 and consequent decrease
in ADO availability on the levels of M2-like macrophages in
the TME in a preclinical rat GB model (Azambuja et al., 2020e;
Figure 3). These data strongly indicate the potential of using
therapeutics to modulate the TME via purinergic constituents to
re-establish the antitumor activity of immune cells. Nonetheless,
the CD73 inhibition may not be always therapeutically helpful
for tumors as seen for the GB and the specific biological

characteristics of each tumor should be considered. For example,
in medulloblastoma, the CD73 expression is a marker associated
with better prognosis of patients (Cappellari et al., 2012a, 2015).

Considering the similar features and responses of microglia
and astrocytes in the TME, the ADO pathways may also be altered
in astrocytic polarization, providing a therapeutic approach
for treating patients with GB. Moreover, the participation of
ADO and P1 receptors in the blood-brain barrier-associated
properties is another interesting point for discussion about
the therapeutical potential of ADO signaling blockage. As
extensively described by Bynoe et al. (2015), both astrocyte’s
end-feet and endothelial cells of the blood-brain barrier express
those receptors, especially AjR and Aj;aR. Therefore, PIR
mediated-signaling is decisive to regulate the permeability
of macromolecules, inflammatory cells, and even therapeutic
drugs/cells into the CNS (Bynoe et al., 2015).

CONCLUDING REMARKS

The present review raises the hypothesis that reactive astrocytes
are involved in the progression of brain tumors, such as GB. As
astrocytes are instrumental to the microenvironment of the CNS,
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they can be corrupted by tumor cells and directly and indirectly
participate in the TME, thus regulating crosstalk among tumor,
glial, and endothelial cells.

Notably, CD73 knockdown or inhibition decreases in vitro
and in vivo GB growth, and CD73 is an interesting target for
brain tumor therapy. Additionally, adenosinergic therapy can be
applied in most TME cells to inactivate not only transformed
cells but also tumor-associated cells, including A2-astrocytes that
support tumor progression.

OPEN QUESTIONS

Considering the recent advances described in this review,
although astrocyte participation in healthy and diseased
brain biology has been well-established, there is no general
agreement on astrocytic polarization in different phenotypes
according to the nature of the injury, nor specifically in brain
tumors. Recently, astrocytes were proposed to be involved in
neuroinflammation. Further studies are needed to better describe
their full characteristics and key features in different disorders
involving immune components. Moreover, studies of astrocytic
polarization are necessary to understand if different injury
conditions lead to the production of different subpopulations
of Al/neurotoxic and A2/neuroprotective astrocytes, or to
transition stages until the fully reactivated cell state is reached.
Few studies have focused on the link between purinergic
signaling and astrocyte participation in the tumor niche
constitution. Considering the key role of the gliotransmitter
ATP and its metabolite ADO on astrocyte functions, the
specific factors involved in purinergic signaling, particularly
adenosinergic signaling, as potential makers of astrocyte
polarization should be further examined. Additionally, the
contribution of ADO as a potent modulator of immune
responses may directly influence astrocytic polarization, which
requires further analysis. Moreover, the contribution of
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Abstract

Glioblastoma represents the main cause of malignant primary tumors in the central
nervous system of adults. Radiotherapy, a successful and cost-effective treatment for
glioblastoma, utilizes ionizing radiation (IR) to induce cytotoxic effects on the tumor
cells. Despite the beneficial effects of this therapeutical intervention in improving the life
expectancy of patients, several studies pointed out the potential of IR in modulating the
tumor niche, establishing an association between this modulation to the usual occurrence
of molecular radioresistance to treatment. The tumor microenvironment of glioblastoma
involves the intricate interactions between the tumor and the immune, endothelial, and
glial cells around the tumor. Cytokines and growth factors secreted by these cells help the
tumor escape from immunosurveillance and foster an immunosuppressive state that
supports tumor growth. Adenosine, a component of purinergic signaling, has a crucial
role in the immunomodulation of the brain. Adenosine is produced by the enzymatic
activity of CD73, and inhibiting CD73 has shown efficacy in reducing tumor growth and
aggressiveness. The present study aimed to investigate the impact of CD73 inhibition in
combination with ionizing radiation on glioblastoma cell lines. Results revealed that IR
increases extracellular ATP release, and the concurrent CD73 inhibition with radiation
effectively suppresses tumor growth. In addition to that, IR increased CD73 expression
and enzymatic activity in GB cells. These findings suggest a very interesting adjuvant
effect of adenosine production modulation and IR exposition, providing insights into a
potential adjuvant strategy using CD73 inhibition to enhance the antitumor effects of

radiotherapy in glioblastoma management.

Keywords: Glioblastoma, radiotherapy, CD73, adenosine.
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1. Introduction

Glioblastoma (GB) is the most common primary brain tumor in adults,
representing almost half of the malignant tumors found in the Central Nervous System
(CNS) [1, 2]. The conventional treatment protocol includes surgical resection, followed
by radiotherapy and chemotherapy using temozolomide [3].The clinical management of
GB is limited due to the invasive nature of the tumor and its usual resistance to standard
therapies [4]. In addition to that, GB is classified as a cold tumor, showing a poor response
to more specific treatments such as immunotherapy [5, 6]. For those reasons, GB patients
continue to present a devastating prognosis of 15 months of life [3].

Radiotherapy is a clinically successful and cost-effective therapy for GB [7, 8].
This treatment modality is characterized by the use of ionizing radiation (IR) on the tumor
site, causing cytotoxic effects by disrupting DNA integrity [9]. Radiotherapy has a well-
established role in improving patient survival and symptom management [10, 11].
Despite that, the use of IR is associated with a very relevant resistance level, and the
complex interplay of intrinsic and acquired mechanisms involving radioresistance
remains not well-defined [12, 13].

Recent studies have increasingly emphasized the crucial role of the tumor
microenvironment (TME) in the progression and resistance to the therapeutics of GB [11,
14]. The TME consists of a complex interplay between tumor cells and noncancerous cell
types around the tumor, including immune cells, endothelial cells, fibroblasts, and, in the
case of glioblastoma, glial cells [15, 16]. The array of cytokines, growth factors, and
extracellular matrix proteins secreted by the multiple cells in the tumor niche leads to an
immunosuppression state, facilitating tumor growth [17].

Purinergic signaling has been described as a relevant inflammatory cancer-
associated pathway in the TME of GB. Purinergic enzymes CD39 and CD73 located in
the surface of tumor and non-tumor cells are responsible for controlling the extracellular
levels of ATP and its products of hydrolysis, ADP, AMP, and adenosine (ADO) [18, 19].
ATP is a well-known danger-associated molecular pattern (DAMP) related to
proinflammatory conditions, and ADO is an important immunomodulatory molecule,
been extensively associated with the escape of tumor cells from immunosurveillance in
the brain and GB progression [20].

The pronounced relevance of ADO in the TME has been proved by several authors

in the literature that describes the effectiveness of using selective inhibitors of both ADO
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formation and ADO receptors in reducing tumor growth and aggressiveness [20-22]. In
addition to that, the effect of the CD73/ADO axis has been extensively studied by our
group in the past few years [23-26]. Considering the significant use of radiotherapy in
the management of GB and the relation to the level of ATP released from necrotic cells
on the tumor site, we aimed to determine the effects of CD73 inhibition combined with
IR in ATP and adenosine production on GB cell lines. We were able to observe that the
concomitant effect of CD73 inhibition combined with radiation is capable of suppressing
tumor growth. These data contribute to improving the antitumor effect of radiotherapy

giving light to an alternative pathway using CD73 inhibition as an adjuvant therapy.

2. Materials and Methods

2.1 Materials

Chemicals applied in the present study were described in the supplementary Table 1. All
other chemicals and solvents were obtained from standard commercial suppliers with

analytical grade standards and were used as received.

2.2 Cell lines and culture procedures

Mouse GL261 and CT-2A GB cell lines were obtained from the National Cancer Institute-
Frederick Cancer Research Tumor Repository and Merck/Sigma-Aldrich, respectively.
The mouse SBGB cell line was established in the laboratory of Dr. Gary Kohanbash
using the Sleeping Beauty transposon system. This genetic tool was used to develop a
tumor cell line containing genetic alterations related to glioblastoma (NRAS, p53, and
PDGFB). All the steps associated with SBGB cell line production were performed as
described in the literature [27, 28]. Cells were grown in culture flasks and maintained in
high glucose Dulbecco’s modified Eagle’s medium (DMEM; Gibco, catalog nr
11965092) supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco, catalog nr
16140071). Cells were kept at 37°C with 95% minimum relative humidity and 5% CO..

Early passages were used in all experiments.

2.3 Experimental groups and treatment conditions

GB cell lines were exposed to 2 major experimental conditions: CD73 pharmacological

inhibition using adenosine 5'-(a,B-methylene)diphosphate sodium salt (APCP; Tocris,
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catalog nr: 3633) and/or irradiation. APCP was diluted in DMEM/10% FBS to obtain the
working concentrations (1, 10, and 100 uM). Irradiation was performed in X-RAD 320
(Precision X-ray Inc) using Filter 2 (1.5 mm Al + 0.25 mm Cu +0.75 mm Sn) at increasing
doses (1, 2, and 5 Gy). The analysis was performed containing the following experimental
groups: (a) untreated GB cells cultured in DMEM/10% FBS at standard conditions
(negative control); (b) GB cells exposed to irradiation; (¢) GB cells exposed to APCP;
and (d) GB cells exposed to combined treatment with APCP and irradiation. The
exposition time of the treatments is shown below. The conditions of irradiation exposition
and the doses were chosen in concordance with the literature [29], as the same for APCP

treatment [24, 30].

2.4 Flow Cytometry Analysis

GL261, CT-2A, and SBGB GB cells (1 x 10« cells cells/well) were seeded into 6-well
plates, at a final volume of 2000 uL. of DMEM/10% FBS. GB cell lines untreated or
exposed to APCP (100 uM) and/or irradiation (5 Gy) as described above (item 2.3) were
detached from culture flasks using Trypsin-EDTA 0.05% (Gibco, catalog no: 25300054)
and washed with cold DPBS (Lonza, catalog no: BW04-479Q)) to remove the remaining
culture media. After that, cells were pellet by centrifugation and resuspended in FACs
Buffer (DPBS containing 1% FBS). Cells were stained for CD39 (PE, Biolegend, catalog
no: 143803; dilution 1:20), and for CD73 (PerCP/Cyanine5.5, Biolegend, catalog no:
127213; dilution 1:80) per 1x10s cells in a final volume of 100 uL. FACs buffer. After 30
min of incubation at 4°C, cells were washed using FACs buffer and resuspended in cold
DPBS for the flow cytometry analysis. The CD39 and CD73 expression was determined
using a BD LSR Fortessa (BD Biosciences), and FlowJo software (BD Biosciences) was
used for data analysis. Data were expressed by both the percentage of CD39 or CD73

positive cells and MFI of fluorescent staining.

2.5 GB cell confluence analysis

For the confluence analysis over time, GL261, CT-2A, and SBGB GB cells (5x10:
cells/well) were seeded into 96-well plates at a final volume of 100 uL. of DMEM/10%
FBS. Immediately after seeding, plates were placed under the incubator IncuCyte S3
(Sartorius) where phase contrast images were obtained at 8 h intervals to determine cell

growth. Cells were cultured for 16 h and then treated with APCP followed by the
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irradiation exposure as described above (item 2.3) and returned to IncuCyte S3 to
continue the image acquisition for an additional 96 h. Cells were maintained under culture
until negative control (untreated cells) achieved 60-80% confluency in the well,
depending on the cell line characteristics. The data were expressed as a percentage of cell

confluence.

2.6 Immunoblot Assay

CT-2A GB cells (1 x 10¢ cells/well) were seeded into 6-well plates, at a final volume of
2000 pL of DMEM/10% FBS. Cells were exposed to APCP (100 uM) and/or irradiation
(5 Gy) as described above (item 2.3). Untreated cells were considered control. Cell lysates
were prepared using RIPA buffer (Thermo Fisher Scientific, catalog no: 89901)
containing HALT Protease and Phosphatase Inhibitor cocktail (Thermo Fisher Scientific,
catalog no.: 78440) as previously described [29]. Samples were loaded in 4% to 15%
Mini-PROTEAN TGX Precast Protein Gels (BioRad, catalog no: 4561084), transferred
to 0.2 mm nitrocellulose membranes (BioRad, catalog no: 1620112) and blocked with
5% milk in TBST buffer. Membranes were incubated overnight with primary antibody
CD73 (Cell Signaling, catalog no: 13160, dilution 1:1,000) and Vinculin (Invitrogen,
catalog no: 700062, dilution 1:1,000) in 2.5%-5% milk (or BSA for phospho-
antibodies)/TBST at 4°C. Band intensities were detected by adding ECL reagent (Thermo
Fisher Scientific, catalog no: 32106). Densitometry analysis of bands was performed
using Image] software (https://imagej.nih.gov). The data were expressed as the

CD73/vinculin band intensity ratio.

2.7 Enzyme activity measurement

CT-2A cells were plated in 48-well plates (5 x10:cells/well), and they were allowed to
grow for 72h to achieve 60-70% of confluency. Therefore, cell cultures were exposed
to APCP (100 uM) and/or irradiation as previously described (item 2.3). After 48 h of
treatment, ATPase, ADPase, and AMPase activities were analyzed as described by
Azambuja and colleagues [25, 31]. Briefly, CT-2A cells were incubated with ATP, ADP,
or AMP (2 mM; 10 min) in an incubation medium containing 120 mM NaCl, 5 mM KClI,
10 mM glucose, 20 mM HEPES (pH 7.4) and 2 mM CacCl. (for ATP and ADP) or 2 mM
MgCl. (for AMP) at 37°C. The release of inorganic phosphate (Pi) was determined by
the Malachite Green method [32] using KH.PO. as standard. Total protein content was
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measured according to Bradford [33] using serum albumin as the standard. The specific

activity is expressed as nmol Pi/min/mg of protein.

2.8 Statistical analysis

All quantitative data were analyzed using GraphPad Prism software (v9.0). Values are
expressed as mean + SD. Differences between groups were assessed by one-way ANOVA
or two-way ANOVA with post hoc analysis when appropriate. Differences were

considered significant for p < 0.05. Figures were created using the same software.

3. Results

3.1 The expression of the CD39-CD73 axis varies among CT-2A, GL261, and SBGB
GB cell lines

The CD39-CD73 axis is the main source of extracellular ADO and its participation in GB
progression has been shown by our group [34]. Therefore, our first goal was to investigate
the levels of CD39 and CD73 in a panel of well-established GB cell lines characterized
by differential driver mutations - GL261 (p53/K-RAS-mutated, c-myc-overexpressed),
CT-2A (p53-WT and PTEN-deficient), and SBGB (p53-deleted, N-RAS/PDGFB-
overexpressed) (Fig. 1a-d). Figure 1 (panel a) shows the representative dot-plot of flow
cytometry analysis performed in GB cells, while the quantification is presented in panel
b. The analysis reveals that GL261 and CT-2A exhibit low CD39 expression when
compared to SBGB (0.32, 0.73, and 24.5% of CD39: cells, respectively; Fig.1b).
Although there is a tendency of CD73 overexpression in CT-2A when compared to the
other cell lines, there is no significative difference among the groups when flow
cytometry analysis was applied. Interestingly, the WB analysis indicates higher CD73
expression in CT-2A cells compared to GL261 (Fig. 1c-d). Taken together, these data
showed that the CD39-CD73 axis is differentially expressed by GB cell lines investigated,
which could be related to the biological and genetic characteristics exhibited by each cell

line.
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percentage of positive cells for the two enzymes. Western blot of CD73 basal protein
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expression in the three cell lines is represented in (c), and (d) is the quantification graphic.
Vinculin was used as endogenous control of protein expression. Protein levels are
represented as mean ratio values quantified from protein bands of CD73 versus Vinculin.
All the data were analyzed by one-way ANOVA followed by Tukey post hoc, and are
represented by mean £ SD. NS is non-significative; *p<0.05; ** p<0.005; ****
p<0.00005.

3.2 The combined inhibition of CD73 and irradiation significantly impact the

growth rate of various glioblastoma (GB) cell lines over time

Subsequently, we aimed to explore the enhanced efficacy of CD73 inhibition in
suppressing tumor growth when combined with radiation treatment. To examine this, we
exposed GL261, CT-2A, and SBGB GB cell lines to increasing concentrations of
APCP (1, 10, or 100 uM), a CD73 inhibitor, in the presence or absence of irradiation (1,
2, and 5 Gy). In Figures 2, 3, and 4 is possible to see cell confluence over time in 1, 2,
and 5 Gy of radiation, for all the concentrations of APCP treatment.

The confluence of the GL261 cell line is shown in Figure 2. It is possible to notice that
the tumor cells presented a slower growth rate after receiving the higher concentration of
APCP treatment (100 uM) with or without radiation, excepting the 2 Gy dose. The cell
confluence of CT-2A over time is represented in Figure 3. We were able to see that CT-
2A cells that received the APCP at 100 uM concentration presented a significant
difference in their growth rate only when exposed to radiation at 5 Gy, suggesting a very
relevant concomitant effect of CD73 inhibition combined with radiation. SBGB cell line
did not show any differences in the tumor growth rate over time after both treatment
(Figure 4).

Figure 5 demonstrates the cell confluency of the three cell lines over time comparing the
groups that received APCP at 100 uM concentration according to the level of irradiation.
It is possible to note that CT-2A cell line showed a significantly smaller growing rate with
the 2 Gy and 5 Gy radiation level. Heatmaps of each cell line were created to better show
the difference of cell confluency in CT-2A cell line, and that this effect was not observed
clearly neither in GL261 and SBGB cell lines. Furthermore, in supplementary Figure 1 is

shown the timeline of CT-2A confluency in negative control group and after irradiation.
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Fig. 2 GL261 confluency over time after APCP treatment at 1, 10 e 100pM combined

with irradiation. Graphic representation of cells irradiated with 1, 2, and 5 Gy,

respectively, in (a), (b), and (c). Data were analyzed by two-way ANOVA, and

Bonferroni post hoc, and is represented by mean + SD. * p<0.05; **** p<0.00005.
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respectively, in (a), (b), and (c). Data were analyzed by two-way ANOVA, and

Bonferroni post hoc, and is represented by mean + SD. ** p<0.005; *** p<0.005; ****

with irradiation. (a) Graphic representation of cells irradiated with 1, 2, and 5 Gy,
p<0.00005.

Fig. 3 CT-2A confluency over time after APCP treatment at 1, 10 e 100pM combined
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Fig. 4 SBGB confluency over time after APCP treatment at 1, 10 e 100uM combined

with irradiation. (a) Graphic representation of cells irradiated with 1, 2, and 5Gy,

respectively, in (a), (b), and (c¢). Data were analyzed by two-way ANOVA, and

Bonferroni post hoc, and is represented by mean + SD. **** represents difference from
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1 and 100 pM

the control group (p<0.00005); # represents difference comparing

experimental groups (p).
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negative control. (b) Graphic representation of CT-2A cells irradiated with 1, 2, and 5
Gy, compared with negative control. (c) Graphic representation of SBGB cells irradiated
with 1, 2, and 5 Gy, compared with negative control. Above each cell line graphic,
heatmaps displays the cell confluency (scale indicated). The timepoint of 16h represents
the irradiation. Data were analyzed by two-way ANOVA, and Bonferroni post hoc, and

is represented by mean £ SD. ** p<(.005; *** p<0.005.

3.3 Radiation affects CD73 expression levels of CT-2A tumor cell line, and APCP

treatment is not able to change this effect.

Our next step was to investigate if radiation exposition was able to affect CD73 levels
differently in cells treated with APCP. Given the results already demonstrated, we choose
to investigate this effect using CT-2A cell line. Figure 5 shows the results from flow
cytometry, represented by the percentage of positive cells for CD73 and the relative
intensity (MFI) of CD73. In (a) cells received APCP at 100 uM concentration for 48h,
and in (b) for 72h. We could see that both treatment times demonstrated an increase in
CD73 expression in CT-2A cells after 5 Gy of irradiation exposition. However, APCP
treatment did not change this effect either in 48h or 72h. The same tendency is observed

by western blot, represented in (c) for 48h treatment and (d) for 72h treatment.
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fluorescence intensity (MFI) after 48 and 72h. (C) Western blot of CD73 after 48h of
APCP administration, and (D) after 72h of treatment. Data were analyzed by one-way
ANOVA, and Tukey post hoc, and is represented by mean + SD. NS is non-significative;
* p<0.05; and ** p<0.005.

3.4 Radiation induces CD39 and CD73 enzymatic activity by increasing ATP, ADP,
and AMP hydrolysis, and ADPasic activity is reverted by radiation combined with

APCP

To determine the capacity of radiation to modulate the activity of purinergic enzymes
after radiation exposure, we used the malachite green assay to measure the activities of
CD39 and CD73. This method is a colorimetric assay and is based on measuring the
quantity of inorganic phosphate released after the CD39 and CD73 hydrolytic activities.
Figure 6 shows that (a) ATPase, (b) ADPase, and (c) AMPase activities were increased
after exposition to 5 Gy of radiation. APCP treatment in combination with radiation
showed a reversion of this increase in ADPasic activity. However, the ATP and AMP

hydrolysis was not affected by APCP administration in combination with radiation.
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Fig 7 Effects of APCP administration (100uM) combined with radiation (5 Gy) in
CD39/CD73 enzymatic activity after 72h. (a) represents ATPase activity, (b) ADPase
activity, both related to CD39 enzyme activity, and (c) the AMPase activity, related to
CD73 enzyme activity. Data were analyzed by two-way ANOVA, and Bonferroni post
hoc, and is represented by mean + SD. * p<0.05; and ** p<0.005.
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4. Discussion

In the present study, we aimed to better understand the role of purinergic
signaling in the viability and growth rate of GB cell lines after exposition to IR, indicating
how irradiation affects ADO production in the tumor site. We were able to show that
tumor cells exposed to IR presented a relevant increase in CD73 expression in contrast
with cells not exposed, even when irradiated cells were treated with APCP, a CD73
pharmacological inhibitor. Further, we demonstrated that IR was effective in modulating
tumor cell growth in vitro, and the CD73 inhibition potentiated the cytotoxic effects
observed after IR exposition. These findings reveal a very interesting combined effect
observed in cells exposed to 5 Gy and 100 uM of APCP.

We first demonstrated that GB cell lines present differences in expression levels
of purinergic enzymes. All three cell lines chosen for the present study are murine cells,
derived from C57BL-6 mice. Although GL261 and CT-2A are both classical and fully
characterize mouse glioma cell lines [35, 36], the different genetic alterations of these
two cell lines explain the variability found in the levels of CD39 and CD73 in basal
conditions. GL261 histologically resembles ependymoblastomas, however this cell line
closely mimics GB genetic mutation, and the presence of mutations in K-ras oncogene
and p53 tumor suppressor gene results in increased activated c-myc [36]. In contrast to
that, CT-2A tumors are described by the high similarity with neural stem cells,
histologically exhibiting a phenotype of high-grade astrocytoma, and presenting positive
stain for p53, GFAP, Sox9, and Sox10 [37].

The SBGB is a cell line generated using the Sleeping Beauty transposon system.
This method consists of inducing spontaneous brain tumors in mice by the intracranial
injection of transposon vectors expressing a gene of interest [28, 38]. Recently, this
genetic model has been used for in vitro and in vivo experiments related to chemotherapy
resistance and immune checkpoint therapies for GB [27, 39, 40]. In the present work, we
used transposons for NRAS, p53, and PDGFB, all relevant oncogenes/tumor suppressor
genes related to GB pathophysiology [41]. We demonstrated for the first time the
expression level of CD39 and CD73 in an SBGB cell line. Interestingly, the SBGB
showed a very low expression level of CD73 when compared with the other two cell lines.
In addition to that, the level of CD39 was expressively high compared to the other GB
cell lines. This could be explained by the genetic mutations of the cell, especially in the

PDGFB pathway, conferring a different expression on the purinergic enzymes [42]. We
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emphasize the need for more investigation into how enzymes and other purinergic
markers such as receptors are expressed in this new GB cell line.

Subsequently, we investigated the effects of CD73 inhibition on tumor
cytotoxicity in face of IR exposition. We noted cell damage in the tumor cells exposed to
5 and 10 Gy of radiation, and no significant difference between these groups was observed
(data not shown). In this way, the dose of 5 Gy was considered the most appropriate to
perform the next experiments, in a way to caused cell damage due to radiation and in a
sufficient time to show differences in the cell treatments. Additionally, the same radiation
level is described in other experiments in the literature [29].

Radiotherapy continues to be one of the treatment pillars for GB and has a positive
impact on patient's therapeutics [11]. Unfortunately, the use of IR against tumor cells
struggles with the complexity of TME, and factors such as modifications in the
vasculature and the presence of hypoxia in the tumor nich are associated with a high
incidence of radioresistance [43]. In this way, it became evident the need for adjuvant
therapy to enhance the impact of radiotherapy in GB patients.

The high expression of CD73 has been described as a key factor in the modulation
of immune-suppressed TME of GB [44]. CD73 is a purinergic enzyme located in the
membrane of diverse cells, including immune, glial, and tumor cells, and regulates the
extracellular levels of ADO in the tumor niche by hydrolysis of extracellular AMP [18,
19]. We previously demonstrated the impact of CD73 downregulation in vitro and in vivo
in parameters of glioma cell migration and invasion by reducing metalloproteinase-2 and
vimentin expression [24]. In addition, we have described the potential of CD73 as a
promising target for GB treatment using pre-clinical models [25, 26]. The absence of
CD73 has also been related to a better response to immunotherapy using checkpoint
inhibitors anti-CTL4 and anti-PD-1 in murine models of GB [44].

In this way, in the current work, we demonstrated that CT-2A cells after
exposition to radiotherapy presented a slower growing rate, and this phenomenon was
significantly potentiated after APCP treatment, suggesting a concomitant effect of 5 Gy
radiation and CD73 inhibition. This very interesting effect could be explained by the
presence of high levels of ATP derived from IR exposition. ATP has a well-described
role in the extracellular environment as a DAMP, being responsible for signaling an alarm
for the immune system [45]. After cellular stress, damage, or injury, ATP can be released

from necrotic/apoptotic cells, or actively be released by exocytosis of vesicles formed by
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the vesicular nucleotide transporter (VNUT) protein or via channel pores of connexin and
pannexin hemichannels [46].

In fact, the increase in extracellular ATP levels after IR exposition is described as
a potential mediator of toxicity. Elevated ATP levels were related to the post-irradiation
toxic effects observed after IR exposition of normal urothelial cells and urothelial cancer
cells [47]. In addition, several authors have been suggesting the potential use of certain
levels of radiotherapy as an inductor of immunogenic cell death (ICD) to improve the
effectiveness of immunotherapy. The reasoning behind this is that, together with other
DAMPs, the released ATP could drive anti-tumor immune responses in the TME [48—
50].

We further demonstrated that the exposition to 5 Gy of IR increased CD73 protein
levels in CT-2A cells in both analyzed time points. The treatment with APCP did not
revert this augment in CD73 protein levels, which could be attributed to the fact that
APCP is an enzymatic inhibitor and doesn't interfere with the expression of the enzyme.
We also showed that IR exposition was able to increase the ATP hydrolysis, and,
interestingly, also the ADP and AMP hydrolysis, suggesting that IR favors ATP release,
as a DAMP signaling, and the conversion of this molecule by the purinergic cascade leads
to ADO formation. In contrast to what we expected, we did not observe a decrease in
AMP hydrolysis in cells treated with APCP.

Taking together, our results suggest that cells exposed to radiation presented
higher levels of CD73 expression and enzymatic activity. In addition, we were able to see
a relevant effect on the growing rate of GB cells after exposition to IR combined with a
CD73 pharmacological inhibitor. These results evidenced a promissory effect in

inhibiting adenosine production in TME to augment the efficacy of radiotherapy.

Conclusion

Despite the extensive research conducted in the field of cancer in the past years,
the treatment for GB continues to be very challenging, and patients still present a
devastating life expectancy after diagnosis. Radiotherapy represents a key treatment
modality in patient therapeutics, however, the complexity of the environment around the

tumor often imitates the efficacy of IR in eliminating tumor cells and controlling GB
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progression. Our results showed the potential of CD73 as a target to improve the efficacy

of radiotherapy.
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REAGENT or RESOURCE SOURCE IDENTIFIER
ANTIBODIES
CD39 Biolegend 143803
CD73 Biolegend 127213
CD73 Cell Signaling 13160
Vinculin Invitrogen 700062
CHEMICALS
DMEM- Dulbecco’s modified Eagle’s Gibco (Gibco BRL, Gaithersburg, Maryland, 11965092
medium USA)
. Gibco (Gibco BRL, Gaithersburg, Maryland,
Trypsin-EDTA 0.05% 25300054
USA)
Dulbecco's Phosphate Buffered Saline
Lonza BW04-479Q
(DPBS)
) Gibco (Gibco BRL, Gaithersburg, Maryland,
Fetal Bovine Serum (FBS) 16140071
USA)
Thermo Fisher Scientific (Thermo Fisher
ECL reagent 32106
Scientific, Waltham, Massachusetts, USA)
adenosine 5'-(a,-methylene)diphosphate Tocris (Tocris Bioscience, Minneapolis, 3633
sodium salt (APCP) Minnesota, USA)
Thermo Fisher Scientific (Thermo Fisher
RIPA Lysis and Extraction Buffer 89901
Scientific, Waltham, Massachusetts, USA)
HALT Protease and Phosphatase Inhibitor Thermo Fisher Scientific (Thermo Fisher 28440
cocktail Scientific, Waltham, Massachusetts, USA)
Mini-PROTEAN TGX Precast Protein Gels  Biorad (Biorad, Hercules, California, USA) 4561084
0.2 mm nitrocellulose membranes Biorad (Biorad, Hercules, California, USA) 1620112

Table 1S Materials and Chemicals.
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Supplementary Fig. 1 Timeline of cell confluency in irradiated cells and negative control group. Pictures were

taken using CT-2A cell line, in 24, 48, 72h timepoints. Scale bar: 500 um.
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Abstract

Glioblastoma (GB) stands as the most prevalent and aggressive primary brain tumor
among adults. The usual treatment involves tumor resection, radiotherapy, and
chemotherapy with temozolomide. However, several patients still present resistance to
the standard treatment and the abysmal prognosis remains a challenge, hindering both life
quality and a potential cure. This inefficiency may stem from the intricate nature of the
GB tumor microenvironment (TME), marked by intense cellular crosstalk between tumor
cells and the cells from the tumor surrounding. While the role of myeloid cells in the TME
is well-established, the impact of other brain cell populations, such as the glial cells,
remains incompletely understood. Astrocytes, pivotal elements in brain physiology,
exhibit reactivity as a classical response to brain damage. Although the recent findings
have delineated different activation/phenotypes in reactive astrocytes, the exploration of
their role in the GB TME is in its early stages. This study aims to investigate how the GB
TME influences astrocytes and whether their reactive processes impact tumor
progression. Utilizing a syngeneic mouse model for GB generated with the Sleeping
Beauty transposon system, replicating human GB biology, astrocytes were isolated
through magnetic isolation using ACSA-2. Single-cell RNA sequencing revealed that
astrocytes from the tumor niche, termed tumor-associated astrocytes (TAA), express
markers associated with relevant inflammatory pathways in GB progression. This
research sheds light on the complex interplay between astrocytes and the TME of GB,

contributing valuable insights into potential therapeutic avenues.

Keywords

Astrocytes — Glioblastoma — Tumor microenvironment — Single Cell RNA-seq
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1. Introduction

Glioblastoma (GB) is the most common and aggressive primary brain tumor in
adults [1]. Treatment consists of tumor resection, followed by a combination of
radiotherapy and chemotherapy using temozolomide [2]. Even though this tumor has been
extensively studied in the past years, several patients still show resistance to the standard
treatment, and the devastating prognosis of 12 - 15 months of life continues to represent
an obstacle to the life quality and, finally, the cure [3].

The lack of therapy efficiency could be explained by the complexity of the GB
tumor microenvironment (TME) [4, 5]. The high aggressiveness of GB is related to the
intense crosstalk of cells from the tumor with immune cells such as macrophages recruited
to the tumor niche and the resident microglia [6, 7]. Although the role of myeloid cells in
TME is already well studied, the impact of other brain cell populations from the tumor
surrounding, such as glial cells, is not completely described yet.

Astrocytes are crucial elements of brain physiology, found in a great number in
the Central Nervous System (CNS) [8]. The astrocyte reactivity is known as a classical
response after damage situations in the brain [9]. In addition to that, recently authors have
described that different types of insults could generate a spectrum of
activation/phenotypes in reactive astrocytes: the Al astrocyte (harmful) and the A2
astrocyte (helpful) [10]. However, the exploration of the role of reactive astrocytes in the
glioblastoma TME is in its early stages, with limited studies investigating the crucial
interplay of these cells in GB progression [11-13].

In this way, the present study aims to investigate how TME of GB affects
astrocytes, and if the process of reactivity influences tumor progression. For that, we
generated a syngeneic mouse model for GB using the Sleeping Beauty transposon system
[14, 15]. This genetic model replicates the biology of human GB, arising spontaneously
in the brain [16]. To isolate normal astrocytes from tumor cells, we performed a magnetic
isolation using ACSA-2 as an astrocytic marker [17, 18]. By using Single-cell RNA
sequencing we were able to demonstrate that astrocytes from the tumor niche, named
tumor-associated astrocytes (TAA), express markers associated with relevant

inflammatory pathways in GB progression.
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2. Material and Methods

2.1 Materials

All chemicals and solvents were obtained from standard commercial suppliers with
analytical grade standards and were used as received. More information about the

chemicals applied in the present study is described in Supplementary Table 1.

2.2 Animals

All animals used in the present study were obtained from The Jackson Laboratory and
were handled in the Animal Facility at the University of Pittsburgh per an Institutional

Animal Care and Use Committee-approved protocol.

2.2 Sleeping Beauty animal model

The procedure was conducted following the literature [14, 19]. The timeline of
experimental design is described in Figure 1A. Briefly, 1 - 2 days old C57BL-6j pups
(n=10) under hypothermic anesthesia were intracranially injected with plasmids in the
intraventricular region (right ventricle) using the coordinates from the skull position of
lambda of: 1.5 mm AP (y =+1.5 mm), 0.8 mm ML (x =+0.8 mm) and 1.5 mm DV (z =-
1.5 mm). The transfection was performed using the in vivo-compatible DNA delivery
reagent (In vivo-JetPEI"™ Polyplus Transfection; Polyplus, catalog nr 101000040).
Neonates were injected with a 2 pL mix of PEI/DNA at a rate N/P = §, representing 0.5
pg of DNA, and diluted in 5% D+ Glucose, according to the manufacturer's indications.
The injection was performed at a constant ratio of 500 nL/min. The following DNA
plasmids were used to induce genetic alterations related to GB: p72/C-Luc/PGK-SB13
(Addgene; catalog nr 20207), pT2/shP53/GFP/mPDGFB, and pT/CMV-NRAS (the last
two plasmids generated in the laboratory of Dr. Gary Kohanbash).

After 24h of plasmids injection, the in vivo bioluminescence intensity (BLI) measurement
was evaluated using an In Vivo Imaging System (IVIS) (IVIS Lumina S5™; Perkin-
Elmer). Animals received via intraperitoneal 100 puL of luciferin (substrate for luciferase
enzyme; GoldBio, catalog nr LUCK-100) and bioluminescence was measured after 5
minutes. The BLI was performed again on days 16, 30, and 42 when animals reached the

endpoint of the experiment, as illustrated in Figure 1B. The endpoint was defined when
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animals presented a strong luciferase signal and clinical signals of tumor burden (Figure

10).

2.3 Sleeping Beauty glioblastoma cell line

After 42 days, animals were euthanized, and the brain was collected and dissociated using
a Collagenase IV Cocktail containing 32 mg/mL Collagenase IV (Worthington
Biochemical Corporation, catalog nr LS0004186), 10 mg/mL DNasel (Worthington
Biochemical Corporation, catalog nr LS002007), and 20 mg Soybean Trypsin Inhibitor
(Worthington Biochemical Corporation, catalog nr LS003570). A different cell
suspension was obtained from the dissociation of each mouse in separated. Cells were
grown in a T75 culture flask containing high glucose Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, catalog nr 11965092) supplemented with 10% (v/v) fetal bovine
serum (FBS; Gibco, catalog nr 16140071), and were kept at 37°C with 95% minimum
relative humidity and 5% CO: until they reached confluency. The experiments used tumor
cells from 1 animal and received the name SBGB (Sleeping Beauty Glioblastoma). The
appearance of the SBGB cell line under culture conditions is shown in Figure 1E and

Figure 1F.

2.4 Intracranial SBGB cell injection

For intracranial tumor cell injections, C57BL/6j mice (n=10, female, 12 weeks old;
obtained from The Jackson Laboratory) were anesthetized with isoflurane and injected
using a stereotaxic frame. A total of 1 x 10* SBGB cells were resuspended in 2 pL of
sterile DPBS (Lonza, catalog nr BW04-479Q) and injected into the brain of animals using
the coordinates from the skull position of bregma of: 1.5 mm AP (y =+1.5 mm), 2.5 mm
ML (x =+2.5 mm) and 3.5 mm DV (z =-3.5 mm). Cells were injected at a constant ratio
of 500 nL/min to not induce pressure inside the brain.

At day 20 after injection, tumor size was evaluated by BLI measurement. As described in
item 2.2, animals were intraperitoneally injected with 100 pL of luciferin, and
bioluminescence was measured after 5 minutes. Subsequently, animals were euthanized
and the brain was collected. Samples were collected and divided into experimental groups
as follows: tissue from the brain of healthy mice (1), from the non-tumor hemisphere (2),

and the tumor and peritumor area (3) (Figure 3A).
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2.5 Sample preparation for single-cell analysis

The tissue was processed into a single-cell suspension using mechanical and enzymatic
dissociation in a Collagenase IV Cocktail (described in item 2.3). Live cells were isolated
using the MACS Dead Cell Removal Kit (Miltenyi Biotec, catalog nr 130-090-101).
Three of the samples were further isolated for astrocytes using ACSA-2 microbeads
(Miltenyi Biotec, catalog nr 130-097-679). Cell Viability was measured using AOPI
(Nexcelom Bioscience, catalog nr NC0285242) and the Auto Cellometer 2000
(Nexcelom Biosciences). Cells were resuspended at a concentration of 1200 cells/puL in
the FACS buffer (DPBS + 0.04% w/v BSA). Three mice were then pooled ata 1:1:1 ratio
prior to loading the samples onto the Chromium machine (10x Genomics). Resuspended
cells were loaded onto a Chromium Next GEM Chip K (10x Genomics) and underwent
library preparation for GEX libraries using the Chromium Next GEM Single Cell 5’
Reagent Kits v2 Chemistry Dual Index (10x Genomics) following manufacturer protocol.
Briefly, cells were loaded on the Chromium Next GEM chip K along with Master Mix
containing reverse transcription cocktail to obtain cDNA, cDNA then underwent
amplification and then GEX library construction. Each step underwent quality control
checks using the Agilent high-sensitivity D5000 and an Agilent Tape Station. Libraries
were sequenced on NovaSeq PE150 (Illumina) using the following sequencing run cycle:
151+10+10+151. Raw scRNA-seq reads were barcoded-deduplicated and aligned to the

mouse reference, mm10 using CellRanger 7.0.1 (10x Genomics).

2.6 Data preprocessing

We started by integrating three gene expression matrices, expression matrix 01,
expression_matrix 02, and expression _matrix 03, using the cbind function in R to create
a single expression matrix. Next, we created a Seurat object using the
CreateSeuratObject function from the Seurat package [20]. The parameters for the
function were set as follows: the input counts were assigned to the expression matrix, a
minimum of three cells (min.cells = 3) were required for each gene, and a minimum of
200 features (min.features = 200) were required for each cell. We performed data filtering
using the subset function in Seurat. Cells with fewer than 200 or more than 2500 features

were excluded from the analysis. The expression matrix was normalized using the
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LogNormalize method with a scale factor of 10000. This was achieved using the
NormalizeData function in Seurat. We identified the top 2500 variable features using the
FindVariableFeatures function in Seurat. The selection method employed was the
variance-stabilizing transformation (VST). The expression data were scaled using the
ScaleData function in Seurat. This function normalizes gene expression data for
downstream analysis by centering and scaling the expression values. PCA was performed
on the variable features using the RunPCA function in Seurat. We generated an elbow
plot to visualize the explained variance of the principal components (PCs) and determine
the optimal number of PCs to include in the downstream analysis. We identified the
neighbors of each cell based on the first eight principal components using the
FindNeighbors function in Seurat. We clustered the cells using the FindClusters function
in Seurat with a resolution of 0.5. This step allowed us to identify distinct cell populations
in the data. Finally, we performed Uniform Manifold Approximation and Projection
(UMAP) for dimensionality reduction using the RunUMAP function in Seurat. The first

eight principal components were used as input dimensions for the UMAP analysis.

2.7 Differential gene expression analysis

After preprocessing, differential expression testing was employed using the Seurat
function FindMarkers [20], using Wilcoxon Rank Sum test (test.use = "wilcox"). We
considered differentially expressed genes (DEGs) only the ones detected in at least 25%
in either of the two populations (min.pct = 0.25), with a minimum 1.2 fold change
between groups (logfc.threshold = 0.25), and maximum 0.05 adjusted p-value based on
Bonferroni correction (p_val adj<0.05). Gene ontology analysis employed the Cluster
Profiler function enrichGO to identify the biological processes associated with the

clusters’ markers [21].

2.8 Statistical analysis

All quantitative data were analyzed using GraphPad Prism software (v10). Values are
expressed as individual values. Differences between groups were assessed by one-way
ANOVA with post hoc analysis when appropriate. Differences were considered

significant for p < 0.05.
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3. Results

3.1 Adult mice transcranially injected with SBGB cells developed glioblastoma

tumors after 20 days of the injection

Our first goal was to choose a mouse model to mimic the GB immune characteristics
found in human tumors. In this way, we decided to use a genetic murine model based on
the Sleeping Beauty transposon system to induce mutations in relevant oncogenes related
to GB physiopathology. Figure 1 illustrates the timeline of the procedure (1A-C), the
neoplastic characteristics in a representative H&E of the tumor (1D), and the images of
the SBGB cell line under cultured conditions (1E-F).

After the generation of the SBGB cell line and the definition of the tumor cell line
characteristics, cells were grown in culture flasks and injected in adult mice to form a GB
tumor. The tumor mass growth was checked by BLI measurement and it was possible to
note a considerable increase from day 13 to day 20, when the animals were euthanized.
The timeline of the SBGB transcranial injection is illustrated in Figure 2A. In Figures
2B and 2C, it is possible to note that animals presented a highly aggressive tumor on day
20, characterized by the presence of necrosis, pseudopalisading, angiogenesis, and mitotic
cells (Figures 2B, 2C, and 2E), all those histological characteristics related to GB [22].
Despite tumor presence, animals did not lose weight significantly during the protocol

(Figure 2D).

3.2 The TAA phenotype in the TME displays a distinguished transcriptional profile

compared to healthy astrocytes, with the overexpression of immune-related genes

Samples were collected from three different conditions: tissue from the brain of healthy
mice (1), from the non-tumor hemisphere (2), and from the tumor and peritumor area (3)
(Figure 3A). To investigate the impact of astrocytes in the TME all the samples were
submitted to enrichment in order to obtain purified astrocytes. We isolated non-
transformed astrocytes from tumor cells using magnetic beads associated with the marker

ACSA-2 (Figure 3B).

The choice of an alternative astrocytic marker is justified by the genetic proximity of GB
tumor cells and astrocytes, culminating in the impossibility of using the usual astrocytic
markers, such as GFAP, which is also positive in tumor cells. Studies in the literature

utilize ACSA-2 as a marker for astrocyte isolation in mice cultures [23]. Besides that, it
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is demonstrated that ACSA-2" astrocytes present co-expression of other astrocytic
markers, such as GFAP and GLAST [17]. In addition, our experiments demonstrate that
SBGB cells do not show ACSA-2 expression in their cellular membrane (Supplementary
Figure S1). For those reasons, ACSA-2 was considered a good astrocytic marker,

permitting the efficient sorting of TAA in the tumor samples.

To determine the presence of different phenotypes of astrocytes in the TME, we
subsequently analyze the patterns of expression between ACSA-2" cells over the three
experimental groups. After performing a single-cell analysis, we generated a UMAP
projection of cells from each experimental group, which revealed that TAAs are displayed
as a separate population indicating a unique transcriptional profile (Figure 3C-D). We
further verified that the cells sampled for scRNA-seq analysis express well-known
astrocyte markers like Slcl/a2, Ndrg2, and Gfap (Figure 3E). In parallel, markers’
transcripts for other brain cell types like microglia, oligodendrocytes, endothelial cells,

and immune cells were absent in the dataset (Fig. 3F).

Differential expression analysis comparing the experimental groups provided further
details on the differences between TAAs and tumor-independent astrocytes and showed
that healthy astrocytes and astrocytes isolated from the non-tumor hemisphere are very
similar in terms of molecular signature. In Figure 4A we created a Venn diagram with the
comparisons between all three experimental groups, and we found that astrocytes from
the TME display 238 upregulated and 118 downregulated marker genes in common on
the list of top differentially expressed genes (DEG) compared with both (a) non-tumor
astrocytes and (b) healthy astrocytes groups. Genes associated with the healthy status are
exemplified by Ptn, Clu, Slcla3, and Luzp2, and with the non-tumor hemisphere were
Dbi and Mt1, for example (Figure 4B). These genes are all known for astrocytic functions
in health and disease [9], and were all upregulated in health and non-tumor groups relative

to tumor, as shown in the heatmap.

On the other hand, most genes identified as TAA markers were upregulated selectively
in the tumor group. This list included classical immune-related genes CxCl2, and IL-1b,
but also genes such as Lyz2 and Lgalsl, linked to the process of astrocytic reactivity and
neuroinflammation in glial cells and neurons [24, 25]. These results lead us to
comprehend that astrocytes could participate actively in the TME, once they interact with

tumor cells and their released molecules and become reactive, expressing genes for
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several other relevant pathways for tumor progression. Therefore, the group comparison
between tumor and tumor-independent astrocytes provides evidence that astrocytes in the
TME suffer from strong regulation that ultimately leads to the acquisition of a unique

astrocyte molecular signature in TAAs.

3.3 Clustering analysis reveals TAA subpopulations

In order to investigate the details of TAA phenotype molecular alterations, we performed
clustering analysis and identified 12 clusters with specific transcriptional signatures.
Subsequently, we evaluated the UMAP projections containing the discrete cell
populations identified from the samples collected in our study. We observed 12 different
populations, and we suggest those are different phenotypes of astrocytes. The UMAP
with all the different populations is represented in Figure SA. Figure 5B demonstrates the
distribution of the identified clusters according to the experimental groups. Interestingly,
among the TAA experimental group, we identified 5 differential clusters: 2, 6, 9, 10, and
12.

After clustering the populations, we performed a test to identify the differential expression
of gene markers for each cluster. Figure 5C illustrates the top 25 genes most differentially
expressed in cluster 2 according to fold change values and adjusted p-value. In this
cluster, found specifically in the tumor samples, the biological pathways associated with
the genes are related to synapse pruning/organization, antigen processing, and
presentation via MHC-II, and immunoglobulin-mediated immunity, with Clq genes as
markers. On the right, in Figure 5D is possible to see the tio 25 genes most differentially
expressed in cluster 6, and the biological pathways associated with the list of genes
include innate immune response and leukocyte migration/adhesion, with Cxcl2 and Ccl4
as markers. The list of the top 25 genes from the remaining clusters is demonstrated in
Figure S2 (normal astrocytes, from healthy/non-tumor hemisphere) and Figure S3
(tumor). Together, the results demonstrate a high association with diverse phenotypes of
astrocytes not only in the tumor niche but also showing a difference with those genes

expressed by astrocytes from a healthy brain.
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4. Discussion

Different cell lines derived from murine tumors are intensively used as a useful
tool in the preclinical research of GB therapeutics [26]. Although orthotopic models by
implantation have been widely utilized, spontaneous tumors can mimic the conditions of
human brain tumors [16]. In this way, authors have increasingly turned to models
involving genetic modifications of crucial oncogenes, leading to the spontaneous
emergence of the tumor. One example of that is the SB28 cell line [19], originating from
a C57BL/6 GB tumor, which was created through the Sleeping Beauty transposon system
[14, 15]. This cell line has garnered growing interest due to its key attributes, serving as
an immunocompetent model for GB and enabling research in the field of immunotherapy
[27-30]. In the present work, we decided to use a Sleeping Beauty cell line - which we
named SBGB. Using the SBGB, we were able to better investigate the complexity of
TME and the immunomodulatory crosstalk between immune cells and astrocytes.

The study of the astrocytic reactivity in the GB microenvironment is challenging
due to the similarities between tumor cells and non-cancerous astrocytes around the tumor
mass [18]. In the case of GB, the study of the reactivity process of TAA faces relevant
challenges. Cells from GB tumors have similar morphology to astrocytes, and show
expression of important astrocytic markers such as the glial fibrillary acidic protein
(GFAP), S1008, AQP4, and ALDHILI1, difficulting a good isolation of these two TME
cellular components [18, 31]. In addition, the blood concentration of GFAP is reported as
an indicator of GB diagnosis [32].

To overcome this obstacle, astrocytes were isolated using an alternative marker,
the ACSA-2, which permits the isolation of astrocytes from tumor cells. SBGB cells do
not show ACSA-2 expression in their cellular membrane (Supplementary Figure S1).
ACSA-2 is the abbreviation for astrocyte cell surface antigen-2 and is a commercial
antibody from Miltenyi Biotec originally developed for astrocyte isolation from both
young and adult mice. ACSA-2" astrocytes present co-expression of other astrocytic
markers, such as GFAP, S1008, ALDHILI1, and GLAST, and very interestingly is more
broadly expressed on astrocytes than GFAP [17]. Our results demonstrated that the
population of ACSA-2" astrocytes in all experimental groups also presented expression
of several astrocytic markers, including GLAST (Slcla3) and GLT-1 (Slcla2).
Additionally, it was not observed expression of markers associated with other cell types,

such as microglia and oligodendrocytes.
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According to Batiuk and colleagues (2017), labeling and isolation of astrocytes
using ACSA-2 as an astrocyte marker is highly efficient showing an elevated rate of
purity and viability, in addition to preventing the contamination with other cell types such
as neurons, oligodendrocytes, microglia, and endothelial cells. ACSA-2 antibody binds
the sodium/potassium-transporting ATPase subunit beta (ATP1B2) located in the
membrane of astrocytes [23]. ATP1B2 is co-localized with the widely described astrocyte
marker protein GLT-1, and it is known that reactive astrocytes still show expression of
ATP1B2 [23]. Moreover, the efficiency of the ACSA-2 marker allied with Magnetic
Beads technology for astrocyte isolation is shown in literature by other studies,
corroborating the use of this marker in our experiments [17, 33].

Astrocytes constitute 20 to 40% of all cells in the CNS, and the percentage may
reach up to 50% depending on the study [8, 34, 35]. Although highly abundant, indicating
a significant role in the CNS, for many years astrocytes were characterized merely as
supportive cells for neurons. The advancement of modern imaging methods, molecular
genetics, and transcriptomics allowed a more precise description and a deeper
understanding of the astrocyte complex functioning, revealing its crucial role in brain
physiology [8]. In fact, the variety of differential clusters in the healthy astrocytes
experimental group shown by our results demonstrated the potential of astrocytes in
several pathways associated with CNS homeostasis. Additionally, we demonstrated that
healthy astrocytes and astrocytes isolated from the non-tumor hemisphere are very
similar, while astrocytes from the sample collected in the tumor and peritumor region
presented a different transcriptional profile.

Classically denominated astrogliosis, the astrocytic reactivity in the face of
injuries now has gathered significant attention from several authors who described this
process not only as a glial scar formation [9, 36]. The activation of astrocytes diverges
according to the nature of the insult, in a spectrum of activation varying from A1 (harmful,
related to neuroinflammatory conditions) and A2 (helpful, associated with neuronal
regeneration) [ 10]. However, the investigation into the function of reactive astrocytes in
the GB TME is just beginning, with only a few studies delving into the vital interaction
of these cells in the progression of GB [11-13]. In our investigation, we demonstrated the
impact of the TME on the development of distinct populations of reactive astrocytes in
GB. Consistent with existing literature, we observed a correlation between inflammatory
pathways and the specific astrocyte's activation patterns. Furthermore, our study

represents a pioneering effort in characterizing the activation profiles of astrocytes using
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a novel animal model of GB induction with a better representation of the immune
environment.

Our data suggests that the close interaction of tumor cells and astrocytes
contributes to the reactivity of TAA, which is related to the immunomodulation of TME
and GB progression. Our results contribute to the establishment of the role of TAA in
brain tumors, demonstrating the adaptive characteristics of astrocytes and the exceptional
plasticity of this cell in CNS [37]. In this way, the present study represents an innovative
perspective of how GB cells influence astrocytes from the tumor surrounding and the

consequences of this crosstalk in immunomodulation of TME.
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Legends to Figures:

Figure 1: Development of a glioblastoma cell line using the Sleeping Beauty transposon
system. (A) Ilustration of the intracranially injection of neonate mice (1 — 2 days old) with
DNA plasmids in the intraventricular region. The three DNA plasmids used in the
experimental protocol are described in the ilustration. (B) Timeline of bioluminescence
scanning of mice. (C) Bioluminescence scanning after 10 minutes of luciferin injection.
In the figure is shown the results of two timepoints: 24h after DNA plasmids injection, at
the day 1, and 42 days after, when the endpoint was defined. (D) Representative H&E of
tumor demonstrating neoplasic characteristics of cells. Scale bars: 340 pm and 170 pm.
(E) Representative image of SBGB cells under culture conditions. Scale bar: 340 um.
(F) SBGB cells expressing GFP marker. Scale bar: 400 um. Abbreviation: H&E:

hematoxylin and eosin.

Figure 2: Animals transcranially injected with the SBGB cell line developed significant
tumors after 20 days. (A) Illustration of the timeline of SBGB cells injection on adult
animals (n=10). (B) Tumor growth indicated by luciferin signal in IVIS. Bioluminescence
(BLI) scanning occured at the days 6, 13 and 20. (C) Representative BLI of mouse on
days 13 and 20, demonstrating the size of the tumor. (D) Weight measurement of animals
after injection on day 0, until the experiment endpoint. (E) Brain collected from mouse
after euthanasia, where is possible to note the tumor size and appearance. Data were
analyzed by one-way ANOVA, and Tukey post-hoc, and each dot represent an individual.
*#%%p<0.0004 as indicated in the graph. Abbreviation: Sleeping Beauty glioblastoma
cells (SBGB).

Figure 3: The TAA phenotype displays a discrete transcriptional profile relative to
astrocytes unrelated to the TME. (A) Illustration of experimental groups. Samples were
collected from the brain of healthy animals (1), and from animals injected with tumor
cells — the hemisphere without tumor (2) and the tumor and peritumor area (3). (B) Tissue
and tumor samples were mechanical and enzymatic dissociated and the astrocytes where
isolated using ACSA-2 magnetic beads. (C—D) UMAP projection of cells from each
experimental group. (E) The cells sampled by scRNA-seq feature astrocyte-like gene

expression. (F) Differential expression testing transcripts for other brain cell types like
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microglia, oligodendrocytes, endothelial cells, and immune cells. Genes were considered
differentially expressed when Bonferroni-adjusted p-value < 0.05.

TAA: tumor-associated astrocytes; TME: tumor microenvironment; ACSA-2: astrocyte

cell surface antigen-2; UMAP: uniform manifold approximation and projection.

Figure 4: Comparison of the expression levels in each experimental group. (A) Overlap
of differentially expressed genes in contrasts. In red is represented the overexpressed
genes, and in blue the downregulated genes. (B) Differential expression testing
comparing each group identified the gene markers for each condition in astrocyte cells.
The heatmap displays the top marker genes according to fold change values (scale
indicated). Genes were considered differentially expressed when Bonferroni-adjusted p-

value<0.05.

Figure 5: Clustering analysis reveals TAA subpopulations. (A-B) UMAP projections
show the discrete cell populations identified among TAA: clusters 2, 6, 9, 10, and 12. (C-
D) Differential expression testing comparing each cluster identified the gene markers for
each population. Gene markers and terms linked to clusters 2 and 6 are displayed
containing the top marker genes according to fold change values and adjusted p-value

(scale indicated) and the biological pathways associated.

Supplementary figure:

Figure S1: Expression of ACSA-2 astrocytic marker in the cellular membrane of SBGB
cell line. (A) Representative dot plot of SBGB cells demonstrating the percentage of
viable cells in flow cytometry. (B) Representative graphic illustrating the peaks of the
control (unstained) (in red) and ACSA-2" SBGB cells (in blue). The absence of peak
dislocation between the two experimental groups shows that SBGB does not express the

astrocytic marker.

Figure S2: Differential expression testing comparing healthy/non-tumor clusters

identified the gene markers for each population. Gene markers are displayed containing
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the top marker genes according to fold change values and adjusted p-value (scale

indicated) and the biological pathways associated.

Figure S3: Differential expression testing comparing tumor clusters identified the gene
markers for each population. Gene markers are displayed containing the top marker genes
according to fold change values and adjusted p-value (scale indicated) and the biological

pathways associated.
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Figure 2: Animals transcranially injected with the SBGB cell line developed significant

tumors after 20 days.

Day 0 \
Injection of |
SBGB cells /
?
Day 6 Day 13 Day 20
BLI measurement BUI measurement BU measurement
+
Euthanasia
2.0x108+ : e ,
- sokokok
» 1
~  1.5%108
85
8. 8
- w» 1.0x10°4
[N
S 7.
3 5.0x10
£
S
00 ) 1
6 13 20
Days




99

Figure 3: The TAA phenotype displays a discrete transcriptional profile relative to

astrocytes unrelated to the TME.

ACSA-2 neg

Expression Level

Healthy Ba *—

Tumor }"_)‘}‘

Slc1a2
Sic1a3
Ckb
Ndrg2
$100a1
Aqp4
Gfap

Ntsr2
Sparc

Marker  Brain cell type
Pecam1  Endothelial cell
Rgss Mural cell
Tmem119  Meroglia
Mog Ofigodendrocyte
Olig1 Olig. progenitor cell
Celf4 Neuron
Kcne2 Choroid plexus ep. celt
Tmem212 Ependymal cell
Mrc1 Perivasc. macrophage
Cd2 Lymphecyte
Hba-al  HoVC



100

Figure 4: Comparison of the expression levels in each experimental group.
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Figure 5: Clustering analysis reveals TAA subpopulations.
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Supplementary figure S1: Expression of ACSA-2 astrocytic marker in the cellular

membrane of SBGB cell line.
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Supplementary figure S2: Differential expression testing comparing healthy/non-tumor

clusters identified the gene markers for each population.

Cluster 1

Cluster 3

@ oxidative phosphorylation

1 Peskn
2 coda
3 Ngn
4 P
5 M3
6 Camka2nl
7 Selenow
8 Gngl3
9 Kifsa
0 com
n psd
12 Nerg2
13 Chehalo
24 mtNg3
15
16
17
18
19
20
21
22
2
24
25

G00SF00) ®  oerobicrespiration
0.00e+00 . proton motive force-driven ATP synthesis
0.002+00
0.00e+00 L] cellular respiration
0.000+00 ° energy derivation by oxidation of
0.00e+00 organic compounds
0.00e+00 . proton motive force-driven mitochondrial

ATP synthesis
0.00e400 ”
0.00e+00 . ATP blosynthetic process
0.00e+00 ° generation of precursor metaboltes and
0.000+00 nergy
0.000+00 o purine ribonucieoside triphosphate

biosynthetic process
008400 Ieoside triphosphats

purine nucleoside triphosphate
0.00e400 . biosynthetic process
0.00e+00 . ribonucieoside triphosphate biosynthetic
0.000+00 -
0.008300 . nucieoside triphosphate biosynthatic
0.000+00
000 . cytoplasmic transiation
0.00e200 . ATP metabolic process
0.00e+00

purine ribonucieotide biosynthetic
0.000+00 . purine
0.00e+00 " o
0.00e+00 +log2(ad). p-value)
0.00e+00

count
o102 %

Y (log2) °
1 Gm3es 229 0.000+00
2 st 218 0.00e+00 °
3 Gpes 186 0.00e400
4 Gpam 183 0.00e+00 .
5 Lsamp 182 0.00e+00
6 Gm26917 170 0.00e+00 °
7 0B 162 0.00e+00 °
8 sl 160 0.000+00
9 Rora 155 0.00e400 L
10 Malatl 153 0.000+00 °
- Tpm3 153 0.00e+00
12 Npas3 152 0.00e+00 .
13 Pep3 150 0.000+00
14 Nm 149 0.000+00 i
15 Bcan 149 0.00e+00 °
16 1 149 0.00e+00
17 sicral0 147 0.00e400 .
1 145 0.00e+00
19 skéanl 141 0.000+00
20 rb3 139 0.00e+00 .
21 mdga2 138 0.00e400
22 Gabrbl 137 0.00e+00 .
23 G 136 0.00e+00 P
24 canio 133 0.00e+00 -og2(adi. p-value)
25 Fmasa 129 0.00e+00

Count
°

n 16

regulation of synapse organization

regulation of synapse structure or
ctivity

synaptic membrane adhesion

learning or memory

anion transport

response to inorganic substance

cellular ion homeostasis
positive regulation of neuron projection
development

cognition

cel junction assembly

sodium fon transport

sodium ion export across plasma membrane
regulation of sodium lon transport

cellular cation homeostasis

Cluster 5

Cluster 7

® ensheathment of neurons @ reguiation of hemopoiesis
Gene symbol Fold change (log2) Adjusted p-value . R Gene symbol Fold change (log2) Adjusted p-value
2 IPad s 0.008300 axon ensheathmen B 5 0000400 @ myeiold cell differentiation
2 epL 000400 ®  myeination 2 rma aas 0.00e+00 @ reauiation o actin flament
3 M 0.00e400 ) ™ a3 0.000+00 orpentzation
e iontdied ° euation o supramalecular for e 2 0000200 @ [ogultionof supramalecuar foer
5o 0000+00 . ot ol dferantoton 5 s 398 0.000+00 . regulation of actin cytoskeleton
= 0.00e+400. 6 e 395 0.000400 organization
4 Mag 0.00e400 . oligodendrocyte diferentiation 7 Frl 363 0.00e400 . blological process involved in symbiotic
8 Tubda 0.000+00. 5 Hspbl 357 0.00e+00
9 cmp 0.00¢+00 ° gllogenesis K o 00ST 00 . regulationof actin flament bunde
10 Pip 0.000+00. ° regulation of protein-containing complex 10 Ramp2 320 0.00e+00 > -
1 stmna 0.000+00 mbly 1 igp7 319 0.00e400 fosprenetangpasness
12 Mog. 0.00e+00 . regulation of protein polymerization 12 Skolad 3.06 0.00e+00 ° regulation of vasculature development
13 Opain 0.000+00 13 oyl 300 0.00e+00 . .
14 Cryed 0.000+00. ° ocalzation o o proten 14 oenz 289 0.000+00 . protaraton Pt cet
15 Septs 283 0.00e400 o tomyosi st organizaton 15 se 282 0.000+00 ° regulation of actin flament-based
16 Ppplrida 282 0.00e+00 16 Sk2al 279 0.00e+00 ocess
17 Kctdl3 217 0.00e+00 . protein polymerization 17 Egn7 275 0.00e+00 . :1",%‘\[“::"“":‘:’;':“7"“"“ .
180 Gatpl 27 0008400 negative regulation of protein 18 spockz 267 0000400
19 Enpp2 268 0.000+00 N containing compiex assembly 9 cos 258 0.00+00 4 Pegative Fegulation of os miration
20 Gatm 267 0.00+00. ° regulaten of actinflament based 0 w3 256 0.00e+00 endothelam devaiopment
21 Emn 267 0.00e400 . 2 o 251 0.002+00
22 Al 260 0.000+00 . e Tarainy O actin Rlament bundie 22 cta2a 247 0.002+00 . negative regulation of cell motiity
T 251 0.000+00 s » 23 fos 239 0.00e+00 »
24 Dbndd2 251 0.00e+400 “10g2(ad). p-value) 26 Esam 236 0.000+00
25 a9 248 0.00e400 25 sk6as 231 0.000+00
count count
] o4 sum
Cluster 8 Cluster 11
@ synapse organization @ colljunction assembly
Gene symbol Fold change (log2) Adjusted p-value Gene symbol Fold change (log2) Adjusted p-value
1 epes 0oeT00] @ cel junction assembly S—— = ey @ cxonogencsts
2 Lsamp a4s 0.00e+00 . regulation of synapse organization 2| REdetb) 0.008:+00) ° synapse organization
3 Nem 416 0.000+00 3 Tmem 0.000+00
o Nm 388 0000400 . Teguation of synepse structure or & peano 0000400 ° actin flament organization
5 Fmada 387 0.000+00 5 skaaa2 0.000+00
s el beedied ° axonogenes o sas psagies . regulation of celljunction assembly
7 Rora 360 0008400 . dendrite development 7 pen 0008400 . deveiopmental rowth nvotved in
5 Adgrb3 367 0.00e+00 s P 0.00e+00
9 Tpm3 367 0.000+00 . synapse assembly 9 Meg2 0.000+00 . regulation of developmental growth
10[iMog2 250 2002400 . reguiation of celljunction assembly tommmES 000800 . post:Golgl vesicle-mediated transport
11 Mt 346 0.00e400 1 Fmas 0.00e400
12 Mir99ahg 345 0.000+00 . celcell adhesion va plasma-membrane 12 ey 0.006+00 . sheathment of neurons
13 Cadm2 338 0.00e4+00 13 st 0.00e+00
14 BGREE 553 b . dendrite morphogenesis 14 DS 01008500 . axon ensheathment
15 Mgnl 321 0.00e+00 . forabrain development b - 0.008+00 . synapse assembly
16 2 322 0.00e+00 16 stégainac3 0.00e+00
17 pent 320 0.00e+00 neuron migration 17 Anot 0.00e+00 . protein localization to cell periphery
18 B3gaml 316 0.000+00 18 pesi 0.000+00
p— =5 O00RF00) . regulation of membrane potentiol 100 Phiopl O00RF00) . evelopmental coll growth
20 Kirei3 308 0.002400 o ive regulation of cell projection 20 21536 0.002400 . myelmation
2 Tok 300 0.00e+00 aton 2 Ebba 0.00e+00
22 urcac 296 0.00e400 . ossification 22 3 0.00e+00 protein localization to axon
23 e 292 0.00e+00 s &' 23 pakt 0.00e+00 » “ -
24 Kena2 289 0.000+00 og2(adi. p-value) 24 Pricke2 0.000+00 10g2(ad). p-value)
2 L 289 0.000+00 25 m3 0.00e+00
count

o

1020 %



104

Supplementary figure S3: Differential expression testing comparing tumor clusters

identified the gene markers for each population.
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REAGENT or
SOURCE IDENTIFIER
RESOURCE
CHEMICALS
DMEM- Dulbecco’s
. , Gibeo (Gibco BRL, Gaithersburg, Maryland, USA) 11965092
modified Eagle’s medium
Trypsin-EDTA 0.05% Gibco (Gibco BRL, Gaithersburg, Maryland, USA) 25300054
Dulbecco's Phosphate
. Lonza BW04-479Q
Buffered Saline (DPBS)
Fetal Bovine Serum (FBS)  Gibco (Gibco BRL, Gaithersburg, Maryland, USA) 16140071
D-Luciferin, Potassium Salt ~ Goldbio (Gold Biotechnology, Saint Louis, Missouri, USA) LUCK-100
adenosine 5'-(a,B-
methylene)diphosphate Tocris (Tocris Bioscience, Minneapolis, Minnesota, USA) 3633
sodium salt (APCP)
In vivo-JetPEI™ Polyplus
Transfection Polyplus 101000040
Worthington ~ Biochemical  (Worthington  Biochemical
Collagenase IV ] LS0004186
Corporation, Lakewood, New Jersey, USA)
Worthington ~ Biochemical ~ (Worthington  Biochemical
DNasel ] LS002007
Corporation, Lakewood, New Jersey, USA)
Worthington ~ Biochemical  (Worthington  Biochemical
Soybean Trypsin Inhibitor ] LS003570
Corporation, Lakewood, New Jersey, USA)
MACS Dead Cell Removal Miltenyi Biotec (Miltenyi Biotec, Bergisch Gladbach
130-090-101
Kit Germany)
Anti-ACSA-2  MicroBead Miltenyi Biotec (Miltenyi Biotec, Bergisch Gladbach
130-097-679
Kit, mouse Germany)
Nexcelcom Bioscience (Nexcelom Bioscience LLC., Lawrence,
AOPI NC0285242
Massachusetts, USA)
DNA PLASMIDS
PT2/C-Luc/PGK-SBI3 Addgene 20207
pT2/shP53/GFP/mPDGFB  generated in laboratory not applied
pT/CMV-NRAS generated in laboratory not applied
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DISCUSSAO

Apesar do intenso e incansavel trabalho de inumeros pesquisadores para
desvendar a biologia celular e molecular do GB nas ultimas décadas, o progndstico dos
pacientes que apresentam este tumor segue sendo devastador. Com uma taxa média de
sobrevida de apenas 12 a 15 meses apds o diagndstico, os pacientes enfrentam grandes
obstaculos relacionados ao tratamento convencional, fazendo com que o GB seja
considerado incuravel (37,46). Um dos fatores que influenciam nessa dificuldade
terapéutica ¢ o microambiente estabelecido pelos diversos componentes celulares
presentes no nicho tumoral, bem como as moléculas liberadas por eles no meio
extracelular (49). Este microambiente, chamado de TME, esta diretamente relacionado
com o favorecimento de condigdes especificas para o surgimento e a progressao do tumor
(47,48).

Especificamente no GB, o intenso crosstalk entre os componentes celulares do
TME ¢ foco de interesse da comunidade cientifica, principalmente acerca da relagdo das
células tumorais com as células imunes — a microglia residente e, também, os macrofagos
recrutados para o sitio do tumor (49,55). Entretanto, ainda ¢ pouco expressiva a
quantidade de estudos que trazem o envolvimento de células gliais no TME de GBs.
Portanto, nesta tese, sdo enderecados os diversos papeis relevantes desenvolvidos por
astrocitos no surgimento do tumor, progressdo e possivel formag¢do de novos focos
tumorais.

O astrécito ¢ foco de estudo de alguns autores que buscam descrever o
envolvimento dessa célula glial com a tumorigénese, ou seja, 0os mecanismos que
explicam como o astrdcito torna-se uma célula neoplasica (84). Apesar de ainda existir
controvérsias acerca de qual seria a célula de origem do GB, uma das hipoteses bem
aceitas ¢ de que o GB consiste em uma populacdo heterogénea de células derivadas das
chamadas células-tronco tumorais, células-tronco com caracteristicas astrociticas,
identificadas pela presenca do marcador astrocitario GFAP (85,86). Estas células-tronco
tumorais encontram-se muito presentes na zona subventricular (do inglés, subventricular
zone - SVZ), que ¢ a maior regido germinal no cérebro adulto, localizada entre a camada
ependimal dos ventriculos laterais e o parénquima do estriado (86).

O tumor teria sua origem na SVZ e se espalharia em direcdo ao cortex

frontotemporal, com as suas cé¢lulas acumulando mutagdes gradualmente a medida que
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alcangam o cortex (85). Portanto, a SVZ ¢ amplamente considerada como uma potencial
fonte de células iniciadoras de glioma. Ainda, astrocitos maduros também podem sofrer
desdiferenciacdo, redirecionando seu transcriptoma para acelerar a proliferagao
descontrolada caracteristica de uma célula tumoral, provando mais uma vez ser um tipo
celular com um terreno fértil para contribuir com o crescimento do GB (VERDUGO;
PUERTO; MEDINA, 2022). Entretanto, para além de seu papel como possivel fonte de
novas células neoplésicas, o astrocito também pode estar relacionado ao estabelecimento
das j& bem descritas condi¢cdes de imunossupressio do TME presente no GB,
imprescindiveis para se entender a complexidade e agressividade deste tipo de tumor.

Primeiramente, cabe ressaltar que os astrocitos participam da formagdo da BHE,
repousando as por¢des terminais de suas ramificagdes nos vasos sanguineos que também
a compoe (12). A desestabilizagdo na organizagdo espacial dos componentes celulares
desta barreira, causada pela propria presenca da massa do tumor, estd relacionada ao
surgimento de rompimentos (33,87). O aumento da inflamagdo e vascularidade também
contribuem para o aumento da permeabilidade vascular e para que haja um influxo de
células e substincias da periferia para o SNC (41). Como consequéncia da perda de
integridade da BHE, ha o favorecimento da entrada de um conjunto de células imunes
oriundas da corrente sanguinea até o local do tumor (88-90).

O infiltrado imune ¢ constituido principalmente de macroéfagos, componentes tao
numerosos no TME que chegam a constituir cerca de 30 a 50% da massa tumoral total
(50,54). Os TAMs sdo constituidos majoritariamente por macrofagos ativados (95%) e de
microglias ativadas, as células imunes residentes do SNC (50). Essa ativa¢do ocorre
porque, ao serem recrutados e atingirem o nicho tumoral, os macréfagos acabam
interagindo com células tumorais, e a plasticidade fenotipica e funcional de macrofagos
durante a ativagdo permite que essas células assumam diferentes perfis (53).

Em principio descritos de maneira dicotomica, "ativados de forma classica” em
M1, ou “ativados de forma alternativa”, em M2, atualmente essa classificacdo tem se
provado ser mais uma forma de categorizacdo do que o que de fato ocorre no ambiente in
vivo (53). Os macréfagos M1, induzidos pela exposi¢do a citocinas pro-inflamatorias
como interferon gama (IFN-y) e TNF-a, fazem parte da ativacdo classica, produzindo
fatores inflamatorios, como espécies reativas de oxigénio (reactive oxygen species -
ROS), TNF-a, IL-1B, IL-6, interleucina 12 (IL-12) e interleucina 23 (IL-23), com o
potencial de combater as células tumorais (91). Ja a polarizacdo M2 seria desencadeada

apos estimulos anti-inflamatdrios, como interleucina 4 (IL-4), IL-10 ou interleucina 13
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(IL-13), estes macrofagos possuindo menor citotoxicidade para as células tumorais
através da produgdo de citocinas anti-inflamatorias como IL-10 e TGF-f e as quimiocinas
CCL22 (quimiocina CC ligante 22) e CCL17 (quimiocina CC ligante 17) (92,93). A
classificagdo mais aceita atualmente ¢ de que macréfagos associados ao tumor, os
chamados TAMs, da-se porque estas células assumem niao um fendtipo M1 ou M2
genuino, mas, ao invés disso, provavelmente exibem um continuum ou um estado
transitorio de diferenciacdo, com a existéncia de marcadores tanto M1 como M2 nesses
macrofagos ativados pelo tumor (53).

Os TAMs sdo uma populagdo proeminente de células imunologicas do TME de
GBs, e por desempenharem um papel critico na indugdo da imunossupressao, eles tornam-
se alvos relevantes no controle da progressao do tumor (53). Isso ¢ verdade porque os
mecanismos para a evasdo imune e supressao do TME favorecem o estabelecimento da
célula tumoral e a perda da fungdo efetora de células imunes do local ((52,94). Juntamente
com os TAMs, a presenca de Tregs garante ao GB a fama de ser um “cold tumor”, um
tumor imunologicamente frio em que ndo hd uma forte resposta de células T efetoras a
presenga das células tumorais (44). Diante do fato de que o recrutamento de novos TAMs
e Tregs para o TME ¢ um fator crucial para o estabelecimento e manutengdo de um
ambiente imunossupresso, torna-se imprescindivel delimitar que a integridade dos
astrocitos formadores da BHE seja uma condi¢do fundamental para o crescimento do
tumor (95).

Uma vez recrutados, TAMs e astrocitos residentes do SNC podem vir a
estabelecer um importante crosstalk no sentido de formar novos astrocitos reativos no
TME, contribuindo para o aumento do processo de modulacdo imune (22). Microglia e
astrocitos exibem uma intima comunicagdo bidirecional, que ocorre através da liberagdo
de uma variedade de moléculas, incluindo citocinas, quimiocinas, ATP e fatores de
crescimento (96). A “conversa molecular” entre microglia e astrdcitos desempenha um
papel importante frente a estimulos estressores. E descrito o potencial que microglias
ativadas, usualmente as primeiras células a reagirem frente a um insulto no SNC, tém de
estimular a ativagdo de astrocitos vizinhos a elas (24,96). E o contrario também ¢
verdadeiro: astrocitos também realizam esse crosstalk, contribuindo para a ativagdo da
microglia (96).

Mais especificamente, a administragcdo de lipopolissacarideo (LPS), endotoxina
presente na parede celular de bactérias gram-negativas e amplamente utilizada em

modelos de neuroinflamacgdo, ¢ capaz de sensibilizar Toll-like receptor 4 (TLR4) da
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membrana de microglia, ativando-as (24). A microglia ativada possui a capacidade de
“conversar” com astrdcitos e ativa-los também, sendo a liberagdo de interleucina-1o (IL-
la), fator de necrose tumoral-alfa (TNF-a) e componente do complemento 1q (C1q) pela
microglia capaz de induzir a ativacdo de astrdcitos para um fendtipo inflamatério do tipo-
Al (24,97). Astrocitos Al perdem a capacidade de realizar suas fungdes normais, ndo
funcionando mais como promotores de sobrevivéncia neuronal, mas sim produzindo mais
fatores inflamatdrios, como componentes do complemento e citocinas pro-inflamatorias,
responsaveis por criar um ambiente toxico para neurdnios e oligodendrécitos (24).

Autores também ja demonstraram que a liberagdo de NO e TNF-a pela microglia
ativada também ¢ capaz de levar ao aumento da producao dessas mesmas moléculas agora
por astrocitos ativados (98). Ja astrocitos com fenotipo reativo podem influenciar a
ativacdo de microglias através da liberagao do fator do complemente 3 (C3), que por sua
vez regula a atividade fagocitaria da microglia (99). Todos estes efeitos pro-inflamatdrios
da comunicagdo entre microglia e astrdcitos ativados ja foram descritos em modelos
animais de neuroinflamagdo, neurodegeneracdo e até relacionados ao envelhecimento
natural do SNC (24,97,100,101).

A “habilidade” do astrdcito de tornar-se reativo frente a injurias pode também ser
uma interessante ferramenta para o tratamento de tumores cerebrais. Diversos fatores
envolvidos na comunica¢do cruzada entre microglia, astrocitos e células tumorais ja
foram descritos da literatura (59). Por exemplo, os altos niveis de IL-6 encontrados no
TME do GB sdo fruto de microglia ativada, entretanto elas ndo sdo as unicas fontes
produtoras desse mediador: astrdcitos ativados também produzem IL-6, citocina que
contribui para a migra¢ado e invasao do tumor através da liberagdo de metaloproteinase 14
(MMP14) por células tumorais (102).

Ademais, estudos mostram que as células tumorais podem manipular o
comportamento de astrdcitos, através da liberagdo de IL-10 e interferon beta (IFN- f3),
ativando-os para um fendtipo anti-inflamatério (do tipo-A2) (57). A interacdo entre
astrocitos e microglia também ¢ descrita como crucial para que haja a liberagdo dos
mediadores anti-inflamatérios IL-10, TGFB e Fator estimulante de colonia (CSF),
responsaveis por estabelecer a imunossupressao caracteristica do TME (54). Esses
resultados indicam que este subtipo distinto de astrdcito reativo ¢ mediado por uma
alteracdo conjunta do secretoma circundante causado tanto pela comunicacdo com células
tumorais e microglia, e que somente na presenga deles, altas concentragdes de IL10 anti-

inflamatoria e TGFp sdo detectaveis no TME (54).
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O processo de reatividade astrocitica também ja foi associado a diminuicao da
eficiéncia da quimioterapia por meio da inibicdo da apoptose induzida por agentes
quimioterapicos (59,98). A expressdo de genes associados a astrécitos ativados foi
considerada marcador de baixo prognéstico para pacientes diagnosticados com GB,
segundo o banco de dados do TCGA (Atlas do Genoma do Cancer — do inglés, The
Cancer Genome Atlas) (103). Além disso, o GB estabelece contato direto com
astrocitos/células microgliais por meio de vesiculas extracelulares (EVs) (104). As EVs
podem transportar moléculas importantes, como miRNAs e citocinas, que tornardo os
astrocitos mais reativos e, a0 mesmo tempo, induzirdo neles um fenotipo A2, semelhante
ao M2 nas células microgliais e também chamado por alguns autores de tumor-enhancing
phenotype (105,106).

Ainda que alguns autores se refiram ao astrocito reativo associado ao tumor como
sendo A2, assim como o que ocorre com a classificacdo de macrofagos e microglia, o
fendtipo A2 dos astrécitos ainda ndo esta claramente definido, e os resultados presentes
na literatura apontam para um intenso debate em relagdo a nomenclatura e as fungdes
desses estados reativos (21). Dessa forma, assim como também amplamente discutido na
literatura, nesta tese sugere-se que o fendtipo reativo associado ao tumor seja do "tipo-
A2", demonstrando multiplos estagios reativos diferentes, como um reflexo da
complexidade do TME (54).

O TME apresenta um importante acimulo de ATP e de adenosina, em niveis
singularmente altos, sendo a adenosina a molécula determinante para a inducdo de
imunossupressdo caracteristica no ambiente tumoral do GB (63,68,107). A elevada
concentragdo de adenosina no TME de GBs ¢ responsavel por estimular a proliferagao
celular, angiogénese e o escape da imunovigilancia, que ¢ capacidade do sistema imune
de reconhecer e inibir o processo neopldsico (65). De fato, dados do nosso grupo de
pesquisa demonstram que a adenosina ¢ capaz de induzir a proliferacdo celular por meio
da sensibilizagdo dos receptores Al, além de estimular os processos de migragdo e
invasdo celular de GB por meio do aumento da expressao de metaloproteinase 2 (MMP2)
e de vimentina (68). Nesse sentido, o primeiro objetivo do nosso trabalho foi realizar uma
pesquisa na literatura cientifica a fim de avaliar os mecanismos pelos quais a sinalizagdo
purinérgica ¢ capaz de influenciar o processo de reatividade do astrécito, levando-o a
adquirir diferente tipos de fendtipo — associados a processos neuroinflamatorios (tipo-Al)

e/ou a processos regenerativos (tipo-A2).
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No meio extracelular, o ATP ¢ considerado um DAMP, liberado por células
lesionadas durante a inflamacdo (108). O ATP pode ser liberado por astrocitos através de
vias especificas e reguladas, sendo elas a exocitose (109), a liberagdo vesicular (110) ou
a difusdo através de canais ionicos (111,112). Além disso, diversos estudos descrevem a
presenga de receptores e enzimas purinérgicas em astrocitos, garantindo que essas células
possuem método de controle de liberacdo e também de regulacdo na concentracdo de
mediadores purinérgicos no meio extracelular (68,80-83).

O ATP também possui papel fundamental como um gliotransmissor excitatorio,
liberado pelos astrocitos na chamada sinapse multipartita (113). Mais detalhadamente,
astrocitos participam ativamente de sinapses juntamente de neurdnios, liberando
moléculas transmissoras — que por serem liberadas por células gliais, recebem ndo o nome
de neurotransmissores, mas de gliotransmissores. Dentre os exemplos de
gliotransmissores estdo o glutamato, a D-serina e o ATP, e ¢ através da sinalizagao
mediada por eles que o astrocito exerce agdes de feedback neuronal e eventualmente
modula a transmissao e plasticidade sindptica importantes para os eventos de aprendizado
e memoria, por exemplo (81).

O ATP pode ser rapidamente convertido em seu produto de metabolizagdo, a
adenosina, por meio da atividade das ectonucleotidases. O astrocito expressa
majoritariamente a NTPDase2, ectonucleotidase capaz de hidrolisar preferencialmente o
ATP em detrimento do ADP em uma relacao 30:1 e, subsequentemente, ADP em AMP
(83,114,115). Uma vez que altos niveis de ATP extracelular induzem toxicidade para o
SNC, sugere-se que a atividade da NTPDase2 em astrocitos pode ser uma importante
ferramenta do astrdcito a fim de proteger os neurdnios contra possiveis danos (114).
Astrocitos reativos sdo também uma fonte proeminente da enzima CD73 em modelo
animal de esclerose multipla através da inducdo de encefalomielite autoimune
experimental (EAE), demonstrando uma superexpressdo na enzima como um possivel
repertorio no sentido de protecdo durante situacdes inflamatérias agudas (116). Nesse
sentido, a expressdo do eixo CD39/CD73 em astrocitos torna-se um importante alvo em
patologias envolvendo vias de regulagcdo imune, como por exemplo os tumores cerebrais.

E também possivel sugerir que a expressio de receptores purinérgicos possa
modular o perfil de ativagdo de astrdcitos, estabelecendo diferentes fendtipos de astrocitos
reativos. Segundo o observado na revisdo da literatura apresentada nesta tese, a
sensibilizacdo dos receptores P1, ou seja, receptores de adenosina, do subtipo Al (A1R)

e do subtipo A2B (A2BR) em astrocitos € crucial para a manutencdo da
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viabilidade/funcionalidade neuronal e pode contribuir para o perfil A2/neuroprotetor dos
astrocitos por mediar agdes de neuroprotecdo via ativagdo da cascata do fator nuclear
kappa B (NFxB) (117,118). Em contraste, a superexpressao do receptor P1 do subtipo
A2A (A2AR) perturba a homeostase adenosinérgica e estd envolvida na degeneracdo
neuronal, representando uma condicdo classica de ativagdo A l/neurotdxica em astrocitos,
promovendo a ativagdo de microglia/toxicidade neuronal por liberacdo excessiva de
glutamato (119).

Em geral, a adenosina extracelular esta diretamente relacionada a processos
celulares como viabilidade e adaptabilidade, porém em condigdes patologicas o aumento
na concentracao desse mediador purinérgico pode estar associado ao desenvolvimento e
progressdo de doencas neurodegenerativas e, também, de tumores cerebrais (107,120).
No caso do GB, sabe-se que ha um desequilibrio no eixo CD39-CD73, marcado por uma
superexpressao da enzima CD73 nas células tumorais, que leva ao acimulo de adenosina
no meio extracelular (68). Como anteriormente demonstrado por nosso grupo de
pesquisa, o silenciamento ou a inibicdo farmacologica da CD73 utilizando o APCP ¢
capaz de diminuir o crescimento do GB in vitro e in vivo, sendo a sinalizagdo
adenosinérgica um alvo interessante para o tratamento deste tumor cerebral tdo
desafiador.

O presente trabalho sugere que o uso da CD73 como alvo terapéutico possa ser
interessante porque busca modular a expressdo dessa enzima em todas as células
presentes no TME: ndo s6 células tumorais, mas também nas células imunes de fendtipo
imunossupressor € nos astrocitos associados ao tumor. Nesse sentido, a revisdo de
literatura levanta a hipotese de que os astrdcitos reativos estao envolvidos na progressao
de tumores cerebrais, como o GB. Subsequentemente, eles podem ser corrompidos por
células tumorais e participar direta e indiretamente da formag¢do de um microambiente
promotor de suporte tumoral, assumindo um perfil ativado tipo A2, caracterizado pela
expressdo de marcadores especificos para este fenodtipo, dentre eles a proteina S700
calcium-binding protein AI10 (S100a10), e pela producdo dos mediadores anti-
inflamatorios IL-10, IFN- B, TGF e CSF, contribuindo para a imunossupressao do TME
e, por fim, para o desenvolvimento de radio-quimioresisténcia caracteristicas do GB.

Alteragdes na sinalizag¢do purinérgica, incluindo a diminui¢ao da hidrélise do ATP
e o aumento da formagdo de adenosina pelas células tumorais quando comparadas aos
astrocitos contribuem para o aumento dos niveis de ATP e de adenosina no TME

(83,121). Somado a isso, a modificacdo da expressdo e da funcionalidade dos receptores
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purinérgicos, como o P2X7 e os receptores P1 para adenosina, constitui componente
importante de desenvolvimento de resisténcia ao tratamento (68,122,123). Assim,
considerando o uso significativo da radioterapia no tratamento do GB e a relagdo com o
nivel de ATP liberado de células necréticas no local do tumor, o qual pode servir de
substrato para a formacdo de adenosina no TME, nds nos questionamos o quanto o
bloqueio farmacolégico da CD73 e a consequente diminuicao de formagdo de adenosina
poderia potencializar o efeito da radioterapia. Essa questdo foi entdo investigada no
Capitulo 2 desta tese.

De fato, a radioterapia continua sendo um dos pilares de tratamento para o GB
(48). Modalidade terapéutica clinicamente bem-sucedida e eficaz para o GB (124,125), a
radioterapia ¢ caracterizada pelo uso de radiacdo ionizante (RI) no local do tumor,
causando efeitos citotoxicos ao perturbar a integridade do DNA (126). A radioterapia tem
um papel bem estabelecido na melhoria da sobrevivéncia do paciente e no controle de
sintomas (48,127). Infelizmente, o uso de RI contra as células tumorais enfrenta a
complexidade do TME, e fatores como modificagdes na vasculatura e a presenca de
hipoxia no nicho tumoral estdo associados a uma alta incidéncia de radiorresisténcia
(128). Dessa forma, tornou-se evidente a necessidade de terapia adjuvante para
potencializar o impacto da radioterapia em pacientes com GB, logo, o segundo objetivo
deste trabalho foi determinar os efeitos da inibicdo de CD73 combinada com RI na
producdo de ATP e adenosina em linhagens de células de GB.

Inicialmente, realizamos a andlise da expressdo das ectonucleotidases CD39-
CD73, as quais sdo caracterizadas como um importante eixo de conversdo de ATP até
adenosina no meio extracelular, nas trés linhagens de GB utilizadas no estudo.
Interessantemente, as linhagens estudadas apresentaram diferentes graus de sensibilidade
frente a irradiagdo (SBGB < GL261 < CT-2A). Todas as trés linhagens celulares
escolhidas para o presente estudo sdo derivadas de camundongos C57BL-6. Embora
GL261 e CT-2A sejam linhagens de células de glioma de camundongo classicas e
completamente caracterizadas (129,130), as diferentes alteracdes genéticas dessas duas
linhagens celulares explicam a variabilidade encontrada nos niveis de CD39 e CD73 em
condi¢des basais. GL261 histologicamente se assemelha a tumores classificados como
ependimoblastomas, no entanto essa linhagem celular apresenta mutacdes genética
similares ao GB, como as relacionadas ao oncogene K-ras e no gene supressor de tumor
p53 (129). Em contraste com isso, os tumores de CT-2A s3o descritos pela alta

semelhanca com células-tronco neurais, histologicamente exibindo um fenotipo proximo
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a classifica¢do de astrocitoma de alto grau, e apresentando marcagdo positiva para p53,
GFAP, Sox9 e Sox10 (131). O SBGB ¢ uma linhagem celular gerada usando o sistema
de transposon Sleeping Beauty. Recentemente, este modelo genético tem sido utilizado
para experimentos in vitro € in vivo relacionados a resisténcia a quimioterapia e terapias
de checkpoints imunolédgicos para GB (132,133). No presente trabalho, foram utilizados
transposons para NRAS, p53 e PDGFB, todos oncogenes/repressores tumorais relevantes
relacionados a fisiopatologia do GB (134).

Observamos que na linhagem CT-2A a expressao de CD39 encontrou-se proxima
a nula, enquanto a expressdo de CD73 sofreu um relativo aumento, apesar de nao
significativo. Tais dados estdo alinhados com estudos prévios do grupo que demonstram
uma inversao no metabolismo do ATP em células tumorais quando comparadas as células
ndo transformadas, como os astrocitos. Também ¢ importante destacar que esse € o
primeiro estudo que caracteriza a expressdo em nivel de proteina do eixo CD39-CD73
nessas linhagens tumorais.

Além disso, foi demonstrado que células de uma linhagem de GB (CT-2A) apds
exposi¢do a radioterapia apresentaram uma taxa de crescimento mais lenta. Esse
fendmeno foi significativamente potencializado ap6s o tratamento com APCP, sugerindo
um efeito concomitante de 5 Gy de radiagdo e inibicdo de CD73. Esse efeito muito
interessante poderia ser explicado pela presenca de altos niveis de ATP derivados da
exposi¢do a RI. O ATP tem um papel bem descrito no ambiente extracelular como um
DAMP, sendo responsavel por sinalizar um alarme para o sistema imunologico (135).
Estudos na literatura descrevem o aumento nos niveis de ATP extracelular apds exposi¢ao
a RI como um potencial mediador de toxicidade (136). Nesse sentido, varios autores t€ém
sugerido o uso potencial de certos niveis de radioterapia para melhorar a eficicia da
imunoterapia, utilizando o ATP liberado desencadeador de respostas imunes antitumorais
no TME (137-139).

Diante do exposto, ¢ possivel observar que os dados apresentados levam ao
entendimento de que a RI aumenta a liberacdo de ATP no nicho extracelular, e o efeito
concomitante da inibicdo de CD73 combinada com irradiacdo ¢ capaz de suprimir o
crescimento tumoral por meio da reducdo da formacao de adenosina a partir da hidrélise
do ATP. Estes resultados contribuem para melhorar o efeito antitumoral da radioterapia,
langando luz sobre uma via alternativa usando a inibi¢do de CD73 como terapia adjuvante
a usualmente utilizada pela clinica. Entretanto, experimentos adicionais para melhor

compreender os mecanismos envolvidos na potencializacdo do efeito citotoxico da RI
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promovida pela inibi¢do da CD73 sdo necessarios e estdo descritos na sessdo
“Perspectivas” desta tese.

O terceiro capitulo desta tese objetivou investigar como o TME do GB afeta os
astrocitos, e se o processo de reatividade influencia a progressdo do tumor. Nosso grupo
de pesquisa tem se dedicado em investigar o papel das células ndo transformadas na
progressdo tumoral. Nesse contexto, cabe salientar que o GB ¢ um tumor altamente
heterogéneo, estando inserido em um microambiente Gnico, o SNC (140). Apesar das
células gliais, particularmente os astrocitos, serem as células mais abundantes do SNC
(10) estando presentes no TME desde o principio da tumorigénese, pouco se sabe a
respeito da sua participacdo na malignidade dos GBs.

De fato, o estudo da reatividade de astrocitos relacionada ao microambiente de
tumores cerebrais ¢ demasiadamente desafiadora, uma vez que células gliais (como os
astrocitos) e células do tumor muitas vezes apresentam expressao génica, como GFAP,
vimentina e nestina (20), e caracteristicas morfologicas semelhantes entre si, dificultando
a diferenciacdo da populagdo de células tumorais da populagdo astrocitica (141). Além
disso, os niveis circulatérios de GFAP sdo relatados como potencial indicador de
diagnéstico de GB (142).

Consistente com a complexidade funcional apresentada pelos astrocitos, Liddelow
e colaboradores propuseram um modelo de polarizacdo astrocitica, no qual os astrocitos
podem apresentar um espectro de polarizagdo tendo como extremos o fenotipo Al
(proinflamatdrio/neurotoxico) e o fendtipo A2 (antiinflamatério/neuroprotetor) (24).
Novamente, estudos na 4area de doencgas neurodegenerativas tem caracterizado a
participagdo dos astrocitos Al na progressdo da Doenca de Parkinson e da Doenga de
Alzheimer (22,24,97,100,101) enquanto, paralelamente, ha poucos estudos que abordam
o papel dos astrocitos na fisiopatologia de tumores do SNC (59,98).

A nossa hipotese ¢ a de que as células tumorais educam os astrocitos a assumir
um fenotipo tipo-A2, os quais por meio da producdo de fatores de imunossupressao e de
indutores pro-tumorais, como a adenosina, promovem a progressdo tumoral e o
desenvolvimento de radio-quimioresisténcia. Para comprovar essa suposi¢do,
primeiramente desenvolvemos uma linhagem celular de GB utilizando um sistema de
transposons chamado Sleeping Beauty. Este método consiste em induzir tumores
cerebrais espontdneos em camundongos através da injecdo intracraniana de vetores de
transposon que expressam um gene de interesse (143,144). Recentemente, este modelo

genético tem sido utilizado para experimentos in vitro e in vivo relacionados a



116

investigacdo de mecanismos de resisténcia a quimioterapia e terapias de checkpoint
imunoldgico para GB (132,133,145).

No presente trabalho, foi estabelecida a linhagem denominada por ndés como
SBGB (Sleeping Beauty Glioblastoma). Para tal, foram utilizados transposons para os
genes da proteina NRAS, p53 e subunidade B do fator de crescimento derivado de
plaquetas (PDGFB, do inglés, platelet derived growth factor subunit B), relevantes
oncogenes/genes supressores de tumor relacionados a fisiopatologia do GB (134). A
escolha por utilizar essa linhagem celular tem como objetivo mimetizar as alteragdes
moleculares de tumores de pacientes, mas além disso permite com que o tumor seja
formado espontaneamente, aumentando a similaridade com o que ocorre nos pacientes.
Ademais, vale destacar que essa tecnologia permite recriar também um ambiente bastante
parecido com o TME de GBs humanos, com a complexidade do infiltrado imune
caracteristico, vantagem que ¢ amplamente descrita em outros trabalhos da literatura que
também utilizam o modelo animal baseado no sistema de transposons Sleeping Beauty
(146). Dessa forma, foi possivel compreender melhor como a comunicagdo entre células
tumorais, infiltrado imune ¢ astrocitos ocorre, de forma a estabelecer como as relagdes
entre esses trés pilares fortalecem a progressdao do GB.

O procedimento foi conduzido segundo a literatura (143,146). Resumidamente,
filhotes de C57BL-6j com 1 a 2 dias de idade (n=10), sob anestesia hipotérmica, foram
injetados intracranialmente com plasmideos na regido intraventricular. A transfec¢do foi
realizada utilizando o reagente de entrega de DNA compativel com experimentos in vivo.
Os seguintes plasmideos de DNA foram utilizados para induzir alteragdes genéticas
relacionadas ao GB: pT2/C-Luc/PGK-SB13 pT2/shP53/GFP/mPDGFB e pT/CMV-
NRAS (os dois tltimos plasmideos gerados no laboratério do Dr. Gary Kohanbash).

Ap6s 24 horas da inje¢@o dos plasmideos, a intensidade de bioluminescéncia in
vivo (BLI) foi avaliada, e o ponto final foi definido quando os animais apresentaram um
sinal forte de BLI e sinais clinicos como perda de peso corporal e prostragdo (no 42° dia),
demonstrando a presenca do tumor. Os animais entdo foram sacrificados, e o cérebro foi
coletado e submetido a dissociagdo enzimatica. As células em suspensdo provenientes
dessa dissociagdo foram colocadas em condi¢des de cultivo celular. Todo o procedimento
estd descrito em detalhes na secdo de métodos do manuscrito numero 3 desta tese. Apds
ser estabelecida a linhagem celular SBGB, as células foram entdo implantadas em

camundongos adultos.
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No vigésimo dia apds a injecdo, os animais foram eutanasiados e o cérebro foi
coletado. As amostras foram coletadas e divididas em grupos experimentais da seguinte
forma: tecido do cérebro de camundongos saudaveis (1), do hemisfério ndo-tumoral (2),
e da area do tumor e peritumoral (3). Os astrocitos da regido peritumoral e do hemisfério
livre de tumor foram submetidos a andlise de sequenciamento de RNA de célula unica
(Single-cell RNA sequencing - scCRNAseq). Astrocitos isolados de animais livres de tumor
foram considerados controle. Para superar o desafio de separar os astrocitos das células
de GB para a posterior realizagdo do scRNAseq, o marcador ACSA-2 foi empregado.

ACSA-2 ¢ a abreviacdo para astrocyte cell surface antigen-2 (tradugdo livre:
antigeno de superficie celular de astrocitos-2) e ¢ um marcador utilizado para o
isolamento de astrocitos de camundongos jovens e adultos. Os astrocitos ACSA-2*
apresentam co-expressdo de outros marcadores astrocitarios, como GFAP, S1008,
ALDHIL1 e GLAST, e, interessantemente, sdo mais amplamente expressos em astrocitos
do que o GFAP (20). De acordo com os dados apresentados no manuscrito, a populagdo
de astrocitos ACSA-2" em todos os grupos experimentais também apresentou expressao
de varios marcadores astrocitarios, como Solute Carrier Family 1 Member 2 (SLC1A2),
proteina NDRG membro 2 (NDRG2), e GFAP, reforcando a identidade astrocitaria
dessas células. Além disso, ndo foi observada expressdo de marcadores associados a
outros tipos celulares, como microglia e oligodendrdcitos, consistente com a pureza em
astrocitos da populacdo de células isoladas por sorting.

Subsequentemente, a variedade de 7 clusters diferenciais no grupo experimental
de astrécitos saudaveis demonstrados pelos resultados obtidos no presente estudo
evidenciou o papel crucial dos astrdcitos em varias vias associadas a homeostase do SNC,
como as vias de organizagdo de sinapses, fosforilagdo oxidativa e respiragdo celular em
geral e processos de diferenciacdo de células gliais. Ademais, os astrocitos saudaveis
(isolados de animais controle que nio receberam o implante das células tumorais) e os
astrocitos isolados da hemisfério ndo-tumoral apresentaram-se muito semelhantes,
enquanto os astrocitos da amostra coletada na regido tumoral e peritumoral expressaram
um perfil transcricional diferente.

Astrocitos isolados de animais controle ou do hemisfério ndo-tumoral apresentam
enriquecimento dos clusters 1; 3; 4; 5; 7; 8; 11. Pegando como exemplo, o cluster 3 ¢é
caracterizado pelas vias de sinalizacdo que controlam a organizacdo de sinapses,
sugerindo por exemplo envolvimento com a sinaptogénese, formagdo da memoria e

aprendizado. Ja os astrdcitos-associados ao tumor apresentam enriquecimento dos
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clusters 2; 6; 9; 10; 12. A maioria desses clusters revelam estar associados a func¢des
relacionadas ao processo de reatividade do astrdcito. Dentre os clusters associados ao
tumor, destacam-se os clusters 2 e 6. Esses dois clusters foram escolhidos para a discussao
porque, além de eles demonstrarem a plasticidade do astrdcito reativo por se tratar de dois
fenotipos com perfis de expressao muito diferentes entre si, eles também representam
populagdes fenotipicas de astrocitos que se encontram em grande niimero na amostra.

Mais especificamente, sugere-se que o cluster 2 estaria associado ao astrdcito do
tipo-A2, apresentando expressdo de proteinas relacionadas a organizacdo e “limpeza” de
sinapses, também chamado de pruning de sinapses, incluindo as proteinas Camkld
(proteina quinase dependente de calcio/calmodulina tipo 1d), Gfap e Actb (Actina beta).
E possivel verificar um perfil semelhante nos cluster 9 e 10, onde no cluster 10 é possivel
verificar até o envolvimento de processos relacionados a formagao da cicatriz glial, por
causa do aumento na expressdo de vimentina nesses astrocitos. Entretanto esses dois
ultimos clusters, apesar de revelarem-se especificos nas populagdes do TME, estdo em
menor numero quando comparadas com o cluster 2. Ja relacionado ao cluster 6, propde-
se que este seja um astrocito ativado em um perfil tipo-A1l, um perfil classico de ativagao
(24). Além de demonstrar aumento na expressdao de vias bioldgicas ligadas a resposta
celular frente ao lipopolissacarideo, como a expressao de CD14, ha o envolvimento com
o recrutamento de células imunes, acdo de grande importancia para a formagao do TME
caracteristico do GB. Esse mesmo perfil fenotipico pode também ser visualizado no
cluster 12.

Considerando que o perfil de expressdo génica dos astrdcitos purificados de
cérebro de animais controle ¢ similar ao dos astrocitos isolados do hemisfério livre de
tumor, os resultados do manuscrito 3 sugerem que hé a necessidade de um contato mais
proximos entre as células tumorais e os astrdcitos para que o crosstalk entre essas células
seja efetivo. Entretanto, ha a necessidade de realizacdo de experimentos adicionais para
se comprovar essa hipotese.

Além disso, o impacto da sinalizacdo mediada pela adenosina na modulagao do
fendtipo dos astrocitos-associados ao tumor sera melhor investigada, conforme descrito
nas perspectivas dessa tese. Nesse sentido, dados preliminares de animais implantados
com tumor e tratados com o inibidor farmacologico da CD73 (APCP) foram incluidos no
Anexo II desta tese. A ilustracdo contendo o design do tratamento encontra-se também
em anexo a tese. A andlise do tamanho do tumor indica que os animais que receberam o

tratamento com o APCP, e, portanto, tiveram o bloqueio da via de formag¢ao de adenosina,
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tiveram tumores de menor tamanho quando comparados a animais do grupo controle,
sugerindo que o tratamento com o bloqueador de CD73 teve efeitos relevantes na
modificacdao da progressdo do tumor e, possivelmente, no perfil do TME. Os dados do
scRNAseq ainda estdo em fase de analise preliminar e serdo mais bem explorados para a
sua posterior publicacdo.

Em outras palavras, os dados apresentados no capitulo 3 da presente tese
demonstraram o impacto do TME no desenvolvimento de populagdes distintas de
astrocitos reativos no GB, relacionadas tanto ao perfil do tipo-Al, classico e pro-
inflamatorio, quanto ao tipo-A2, relacionado a regeneracdo tecidual e organizac¢do de
sinapses. Consistente com a literatura existente, foi observada uma correlagdo entre vias
inflamatorias e os padrdes especificos de ativacdo dos astrocitos, como a
presenga/expressao de vias relacionadas a resposta celular aos lipopolissacarideo.
Ademais, sugere-se que a proximidade com o tumor seja carater obrigatdrio para que haja
o processo de ativacdo efetiva do astrocito.

A partir dos resultados expostos nos trés capitulos desta tese, ¢ possivel propor
que sinalizacdo purinérgica/adenosinérgica ¢ uma via importante para a polarizagao
astrocitica, podendo ser utilizada para a classificacdo Al e A2 de astrécitos. Além disso,
o uso da via adenosinérgica como alvo terapéutico prova-se potencialmente interessante
para o GB, ja que essa proteina/enzima se mostra importante tanto para a biologia tumoral
como para as células associadas ao tumor presentes no TME, dando suporte ao mesmo.

Em adi¢do a isso, hd evidéncias de que a inibi¢do da CD73 em conjunto com a
exposicao a radiagdo ionizante possua um interessante efeito concomitante na diminui¢ao
da sobrevivéncia das células tumorais. Os resultados demonstrados no capitulo 2 dao
suporte para a modulacdo da via adenosinérgica como um alvo biologico para o
tratamento do GB, ferramenta que apresenta um imenso potencial de transla¢do para a
clinica, j& que todos os pacientes com GB sdo submetidos ao tratamento radioterapico.
Além disso, o bloqueio da sinaliza¢do adenosinérgica representa a tentativa de contornar
um problema comum relacionado ao tratamento usual - o desenvolvimento de
radioressisténcia — e da esperanga aos pacientes que a mais de trés décadas ndo possuem
alternativa terapéutica eficaz que traga maior sobrevida.

Os dados de scRNAseq obtidos a partir de amostras de animais controle
contribuem para um melhor entendimento da heterogeneidade que os astrocitos
apresentam em um contexto fisiolégico que, nas nossas condi¢des experimentais, foram

classificados em 12 diferentes clusters. Os resultados presentes nesta tese também tornam
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possivel propor que, coerente com a literatura, os astrécitos associados ao tumor tenham
caracteristicas mistas de astrocitos Al e A2, sob um espectro de ativagdo que respeita a
complexidade que o TME possui. Adicionalmente, a comparagdo entre astrocitos-
associados ao tumor e astrécitos do hemisfério sem tumor sugerem que ha a necessidade
de proximidade entre astrocitos e GB para que o crosstalk/modulacgdo seja efetiva. Nesse
sentido, o presente estudo representa um esfor¢o pioneiro na caracterizagao dos perfis de
ativacdo dos astrécitos usando um modelo animal de inducdo de GB com uma melhor
representacdo do ambiente imunolégico complexo do TME, e que a partir dos dados
obtidos ¢ possivel dizer que os astrocitos sdo efetivamente modulados pelo tumor,

podendo ser considerados como alvos para a terapia anti-GB.
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CONCLUSAO

Os resultados dessa tese destacam os efeitos da modulacdo da via adenosinérgica
em diferentes parametros da progressao do GB. Por meio de extensa analise critica da
literatura, foi possivel estabelecer o estado da arte relacionado ao envolvimento do
sistema purinérgico e a ativagdo de astrocitos, bem como o delineamento do perfil de
expressao de enzimas e receptores purinérgicos de acordo com os diferentes fenotipos de
astrocitos ativados.

A partir dos dados gerados pela presente tese, foi também possivel delimitar os
efeitos da adenosina na resisténcia in vitro ao tratamento com radiacdo ionizante,
demonstrando o potencial uso da enzima CD73 como alvo para melhorar a eficicia da
radioterapia. Em adi¢do a isso, os efeitos da comunicacdo entre células tumorais e
astrocitos associados ao tumor provenientes do microambiente tumoral de glioblastomas
foram descritos através do uso de ferramentas de andlise de expressdo por meio da
ferramenta de Single cell RNA-seq.

Em suma, nossos resultados contribuem para o estabelecimento do papel dos
astrocitos associados ao tumor no GB. Os dados obtidos aqui demonstrando as
caracteristicas adaptativas dos astrocitos e a excepcional plasticidade dessa célula no
SNC, além das consequéncias do intercdmbio de astrécitos e células tumorais na
imunomodulacdo do TME. Através de uma perspectiva inovadora, o presente trabalho
demonstra o potencial da via adenosinérgica como novo alvo para a otimizagdo da
eficiéncia terapéutica do tratamento desse tumor agressivo e de baixa sobrevida na
populacdo. Nossos dados também apontam para o astrocito como um dos elementos
participantes da progressao tumoral, merecendo uma atengdo especial no design de novas

modalidades terapéuticas para o GB.
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PERPECTIVAS

Diante dos resultados obtidos na presente tese, ¢ possivel delinear novos
objetivos especificos a fim de explorar ainda mais as implicagdes da modulagdo da via
adenosinérgica no processo de reatividade de astrocitos presentes no TME do GB. O
nosso trabalho foi capaz de estabelecer uma base so6lida na area por meio da publicag¢do
de um artigo de revisdo analisando o estado da arte relacionado ao envolvimento de
parametros purinérgicos na ativacao de diferentes fenotipos de astrécitos. A realizacdo
deste trabalho foi motivada pela caréncia de literatura acerca do tema, combinada com a
ocorréncia da pandemia da COVID-19, que levou a interrupg¢ao das atividades presenciais
nos laboratorios de pesquisa da Universidade.

A publicagdo revelou-se de sucesso, com insights valiosos e perguntas
promissoras que ficam em aberto para serem exploradas apods a realizagdo desta tese.
Embora a participagdo dos astrocitos na biologia do SNC tenha sido bem estabelecida,
ndo h4d um consenso sobre a polarizagdo astrocitaria em diferentes fenotipos de acordo
com a natureza da lesdo, nem especificamente como esse processo ocorre nos tumores
cerebrais. Estudos adicionais sdo necessarios para descrever melhor suas caracteristicas
completas e principais aspectos em relagdo a ativacdo frente a diferentes distirbios
envolvendo componentes imunoldgicos. Além disso, estudos sobre a polarizagdo
astrocitaria sdo necessarios para entender se diferentes condi¢cdes de lesdo levam a
producdo de diferentes subpopulacdes de astrécitos Al/neurotdxicos e
A2/neuroprotetores, ou a estagios de transi¢do até que o estado celular completamente
reativado seja alcancado. Além disso, poucos estudos tém se concentrado na ligagao entre
sinalizagdo purinérgica e a participagao dos astrocitos na constitui¢do do nicho tumoral.
Considerando o papel-chave da sinalizagdo adenosinérgica na fisiopatologia do GB, a sua
acdo terapéutica deve ser mais bem descrita, bem como a relacdo que a liberagdo de
adenosina no meio extracelular possui com o processo de ativagdo de astrocitos.

Nesse sentido, o segundo capitulo desta tese traz como principal achado o efeito
concomitante da radiagdo ionizante e do bloqueio farmacologico da enzima CD73 através
da administragdo de APCP. Foi observada a taxa de crescimento de diferentes linhagens
celulares de GB, avaliando assim a resisténcia das células tumorais frente o tratamento
radioterapico. Diante disso, torna-se interessante aprofundar os conhecimentos acerca dos
efeitos ndo s6 no crescimento das células tumorais, mas também nos astrocitos associados

ao tumor.



123

A radioterapia ¢ amplamente utilizada pelos pacientes diagnosticados com GB,
e possui modalidades de tratamento que combinam ciclos recorrentes de exposicao a
radiagdo ionizante (147). Uma vez que a reincidéncia pode estar associada com possiveis
danos as células do SNC (148), tem-se a perspectiva de investigar os possiveis danos
relacionados a radiagdo ionizante as células saudaveis que permanecem no tecido apos a
excisdo cirurgica do tumor. Através da realizacdo de mais experimentos, o objetivo sera
determinar a relagdo entre a ativagdo do astrécito apds a exposi¢do ao estresse da
radioterapia e a reincidéncia do GB nos pacientes.

Em relacdo ao capitulo final desta tese, a escolha em apresenta-lo na forma de
um manuscrito em preparacdo justifica-se devido a nossa perspectiva de aprimorar a
analise dos dados gerados pelo Single cell RNA-seq a fim de produzir uma publica¢do
inovativa, de alto impacto e com extrema relevancia no meio. O conjunto de dados
apresentados foi gerado a partir de uma técnica de enriquecimento da amostra, que foi
realizada no intuito de investigar as caracteristicas especificas de astrocitos isolados de
tecido saudavel, comparando-as aos astrdcitos obtidos a partir de amostras de tumor.

Além deste primeiro grupo de dados analisados no terceiro capitulo desta tese,
estdo em fase de processamento novos dados relativos a um novo experimento utilizando
Single cell RNA-seq de amostras de tumor obtidas a partir de animais do mesmo modelo
animal in vivo de indu¢do de GB (a partir da injecdo estereotdxica de células de uma
linhagem de GB), mas agora tratados ou ndo com APCP, o bloqueador farmacolédgico de
CD73 também utilizado no capitulo 2 desta tese. Em anexo nesta tese ¢ apresentado
resultados preliminares promissores demonstrando que os animais tratados com APCP
apresentaram tumores significativamente menores em relacdo aos animais do grupo
controle negativo ao final de 20 dias de tratamento. Nesse sentido, ¢ proposto como
perspectiva a analise da expressdo génica gerada a partir das amostras de tumor destes 2
grupos experimentais, no sentido de investigar as diferencas no perfil das células imunes
presentes no TME dos animais em que a producao de adenosina foi bloqueada.

Também ¢é proposto como perspectiva desta tese a retomada de objetivos
especificos propostos no projeto de doutorado que nao puderam ser concluidos durante o
periodo devido a fatores externos, como por exemplo a ocorréncia da COVID-19.
Encontra-se em anexo nesta tese o trabalho de conclusdo de curso da aluna Maria Paula
de Medeiros, que teve seu trabalho coorientado durante a realizacdo desta tese. Os
experimentos realizados pela aluna tiveram como objetivo padronizar uma cultura de

astrocitos corticais a partir de camundongos neonatos para a realizacdo de estudos de
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analise de polarizacdo astrocitica in vitro. Em anexo encontra-se a capa do trabalho com
o titulo do projeto, o resumo, os objetivos (geral e especificos), métodos e os resultados
obtidos.

A partir dos dados levantados no trabalho de conclusdo de curso da aluna, foi
possivel estabelecer e padronizar o cultivo de astrocitos primarios de camundongos, com
células vidveis e marcadas positivamente com o GFAP, como ¢ possivel observar nas
imagens das culturas contidas no trabalho. Também foi possivel verificar que o
tratamento com os indutores de fenotipos reativos de astrocitos escolhidos, o LPS e o
TGFB combinado & IL-10, nio demonstrou citotoxicidade no ensaio de MTT. E
importante lembrar que os testes realizados serviram como ponto de partida para avaliar
a resposta astrocitaria. Esses ensaios preliminares sdo de extrema importancia, pois
garantem cé¢lulas viaveis para futuros ensaios com astrocitos frente a esses tratamentos.

Diante do exposto, propde-se como perspectiva ao trabalho realizar novos
experimentos no sentido de melhor delimitar os fenotipos Al e A2 de astrdcitos reativos,
bem como realizar ensaios de viabilidade celular mais especificos, uma vez que o ensaio
de MTT revela dados de forma indireta, a partir da quantificacdo da atividade das
desidrogenases mitocondriais. Ap6s delimitar os fenotipos, a ideia € que se investigue o
processo de ativacdo dos astrécitos associados ao tumor por meio tanto de co-cultivo
direto de astrocitos e linhagens celulares de GB, como por cultivo de astrdcitos em meio
condicionado de GB, a fim de comparar com os fendtipos cldssicos Al a A2. Com esse
experimento, buscamos trazer resultados que corroborem para a hipotese de espectro de

ativacdo, onde sera possivel observar tragos dos dois fen6tipos.
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Anexo II: Design experimental e resultados parciais estudo in vivo da administracio

de APCP em camundongos

Days0_

APCP treatment ( 1pg/kg/i.c.v.)

6

!
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!

14

20 21

» Euthanasia

T

T

T

IVIS imaging for tumor quantification

GBM
implantation

Figure 1: Experimental timeline.
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Figure 2: (A) Weight track of animals from negative control and treated with APCP. (B) Luminescence
intensity of tumors across the days and (C) on day 20. Data are presented as mean £SEM, *p < 0.05; ***p
<0.001, in (B) two-way analysis of variance (ANOVA) with Sidak’s multiple comparison test, and in (C)
unpaired t test.
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RESUMO

DE MEDEIROS, Maria Paula. Padronizacio de uma técnica de cultura primaria para
o estudo dos astrdcitos associados ao glioblastoma. 2023. Trabalho de Conclusdo de
Curso (Graduacao) — Farmacia. Universidade Federal das Ciéncias da Satide de Porto
Alegre. Porto Alegre, 2023.

Os astrocitos sdo células gliais essenciais para o bom funcionamento do SNC,
participando da barreira hemato-encefélica, regulagdo metabdlica e neurotransmissao.
Em cenario de injuria cerebral, essas células passam por um espectro de ativagdo,
podendo adquirir dois fendtipos distintos, Al e A2. O perfil A1, também conhecido como
neuroinflamatorio, pode ser ativado por LPS enquanto o perfil A2, conhecido como
neuroprotetor, pode ser ativado por IL-10 e TGFB. O glioblastoma ¢ um tumor
extremamente agressivo que acomete o SNC e pode desencadear esse processo de
ativacdo astrocitaria. Tendo em vista possibilitar o estudo dos astrocitos frente ao
glioblastoma, o objetivo do presente trabalho foi padronizar uma cultura de astrocitos
corticais a partir de camundongos da linhagem C57/BL-6 neonatos. A partir da
padronizagdo e verificagdo da pureza da cultura, foram realizados ensaios de
imunocitoquimica e MTT para apurar a viabilidade celular dos astrocitos frente ao LPS
(como modelo de indug¢do de perfil A1) e ao conjunto de IL-10 e TGFf (como modelo de
inducao de perfil A2). Os resultados obtidos mostraram que ao submeter os astrocitos aos
tratamentos, a viabilidade celular ndo foi afetada, possibilitando o uso desses protocolos
de padronizacdo e indu¢do de fenotipos para futuros trabalhos do grupo. O estudo dos
astrocitos associados ao glioblastoma possibilitam abrir caminho para novas propostas de
alvos e terapias com base em seu potencial terapéutico.

Palavras-chave: Cultivo celular primario. Astrocitos. Astrogliose Reativa.
Glioblastoma. Microambiente Tumoral.
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3. OBJETIVOS

3.1 Objetivo Geral
Padronizar uma cultura de astrocitos corticais a partir de camundongos neonatos

para a realizac¢do de estudos de andlise de polarizagdo astrocitica.

3.1.1 Objetivos Especificos

1. Padronizar o protocolo de realizagdo de culturas primarias de astrocitos corticais
a partir de camundongos neonatos da linhagem C57/BL-6.

2. Realizar uma andlise qualitativa do grau de pureza das culturas de astrocitos
produzidas utilizando a proteina GFAP como marcador.

3. Avaliar a viabilidade celular das culturas primarias de astrdcitos frente a inducdo
dos fenotipos Al e A2, utilizando o tratamento com LPS e a combinagao de TGFf

e IL-10, respectivamente.



4. MATERIAIS E METODOS

4.1. Materiais
Os materiais utilizados para a realizacdo desse estudo estdo apresentados na Tabela 1
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(abaixo). Os demais solventes e outros reagentes niao citados na tabela sdo de grau

analitico.

Tabela 1. Materiais utilizados.
Reagente Marca Numero de
identificacao

Cultura celular

DMEM- Dulbecco’s modified Eagle’s high glucose |Gibco (Gibco BRL, Gaithersburg, (11965084
Marvland, USA)

HEPES- Acido 4- (2- hidroxietil) piperazina- 1- Sigma (Sigma Chemical Co., St. 7365-45-9

etanossulfonico. N- (2- hidroxietil) piperazina- N ' |Louis, MO, USA)

- (acido 2-etanossulfonico)

Sodium bicarbonate (NaHCO3) Neon Comercial Ltda, BRL 1715

Fetal Bovine Serum (FBS) Gibco (Gibco BRL, Gaithersburg, |12657-029
Maryland, USA)

Fungizone Gibco (Gibco BRL, Gaithersburg, |15290- 018
Marvland, USA)

Penicillin/streptomycin Gibco (Gibco BRL, Gaithersburg, |15140-122
Maryland, USA)

|Imunoci(oquimica

DAPI - 4',6-diamidino-2-phenylindole Molecular Probes — Life D-3571
Technologies

AntiGFAP antibody clone 2E8 rabbit monoclonal |Sigma (Sigma Chemical Co.. St. ZRB2383
Louis, MO, USA)

Anti-rabbit Alexa 555 LifeTechnol (LifeTechnologies, A21428
Carlsbad, California, USA)

Solugdo bloqueadora 7% SFB | 0.2% Tween 20 | q.s.p. X
PBS filtrado

PBS Ix 100mL | milliQ water / 0.8g NaCl, X
0.02g KCI1, 0.115g Na2HPO4 &
0.02g KH2PO4 pH 7.4

LPS - lipopolissacarideo Sigma (Sigma Chemical Co., St. L2630
Louis, MO, USA)

Recombinant Mouse TGF-B1 (carrier-free) BioLegend (BioLegend, San Diego, (763102
California, USA)

Recombinant Murine IL-10 Peprotech (PeproTech, Inc. 210-10
England)

Fluoromount-G Invitrogen (Waltham, 405802
Massachusetts, USA)

IMTT

MTT - Adenosine-monophosphate (AMP), Sigma (Sigma Chemical Co.. St. M2128

3.(4.5-dimethyl)-2.5diphenyl-tetrazolium bromide |Louis, MO, USA)

salt

Dimetil Sulfoxido PA (DMSQO) Nuclear 311734

|0utros

Poli-L-lisina

Sigma (Sigma Chemical Co., St.
Louis, MO, USA)

P1274-25MG

Cloreto de sodio P.A. (NaCl)

Nuclear

319290

Cloreto de potassio PA. (KCI)

Dindmica (Indaituba, SP, Brasil)

1526

Fosfato de s0dio bibasico anidro (Na2HPO4)

Dinamica (Indaituba, SP, Brasil)

P.10.0513.012.09.3
0

Fosfato de Potassio monobasico anidro P.A. Nuclear 311860
(KH2PO4)
Glicose-D Anidra PA. (C6H1206) Nuclear 316508

Sulfato de Sodio Anidro P.A. (Na2S04)

Synth (Diadema, S3o Paulo, Brasil)

0152032.01.AH

Fonte: Autoria propria, 2023.
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4.2. Métodos
4.2.1 Uso de animais

O projeto foi previamente aprovado pela CEUA (Comissio de Etica no Uso de
Animais) e possui parecer nimero 653/19, obedecendo a resolucao 38/2018 da CONSEA
(Conselho Nacional de Controle e Experimentagdo Animal) sobre os parametros de bem-

estar animal.

4.2.2. Metodologia aplicada para atender o Objetivo especifico 1: Padronizar o protocolo
de realizagdo de culturas primérias de astrdcitos corticais a partir de camundongos
neonatos da linhagem C57/BL-6.

Para o atendimento do objetivo especifico 1, os astrdcitos corticais foram obtidos
a partir de camundongo C57/BL-6 neonatos (1-3d), segundo o protocolo descrito em
Schildge et al. (2003) com pequenas modificagdes. Brevemente, os animais foram
eutanasiados por decapitagdo utilizando uma tesoura cirurgica e o cérebro foi isolado e
mantido em CMF (solucdo tampdo livre de calcio e magnésio; pH 7,4) gelado para
manuten¢do da viabilidade celular. Posteriormente, o cortex foi isolado e as meninges e
os vasos sanguineos foram cuidadosamente removidos utilizando micro pingas. Os cortex
foram entdo dissociados mecanicamente através de pipetagem continua até ndo se
observar grumos de tecido. As células obtidas a partir de 3 - 5 animais foram
centrifugados (10 min; 300 g), contadas em camara de Neubauer com o corante trypan-
blue e semeadas (aproximadamente 25 milhdes de células/garrafa) em meio DMEM/10%
SFB em uma garrafa de cultivo de 75 cm? previamente tratada com poli-L-lisina,
conforme descrito abaixo. As células foram cultivadas em DMEM suplementado com
10% SFB (pH 7,6) e mantidas em incubadora sob condi¢des de temperatura, concentragdo
de CO; e umidade controladas, 37°C, 5% e saturacdo, respectivamente (incubadora
Thermo Scientific 4131) (Figura 5). O meio das células foi trocado 1 dia apds o semeio,
e depois a cada 3 dias até a maturagdo celular, caracterizada pela formagdo de uma
monocamada de astrocitos (19-21 dias). Durante o tempo de crescimento, entre os dias 7-
8 foi realizado o shake das culturas (300 g durante 30 minutos a 37°C; Orbital Shaker -
Fisher Scientific), a fim de separar a microglia da cultura, aumentando a pureza em
astrocitos. O sobrenadante contendo a microglia ativada foi descartado. Apds, foi
adicionado 3 mL de tripsina durante 5 minutos, a fim de soltar os astrocitos do fundo da

garrafa. A tripsina foi inativada com 10 mL de meio DMEM/10% SFB e a amostra foi
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centrifugada (10 min; 300 g). Apos, o volume foi dividido igualmente entre duas garrafas
de cultivo de 75 cm? e mantidas novamente em incubadora (Figura 6).

Preparo das garrafas com poli-L-lisina: primeiramente a poli-L-lisina (Tabela 1) foi
aliquotada no volume de 1 mL em eppendorf de 1,5 mL e mantida sob refrigeracao a -20
°C. Para cada garrafa de 75 cm?, foi utilizada uma aliquota de poli-L-lisina diluida na
propor¢ao 1:1000 em agua milli-Q. A garrafa foi mantida na incubadora durante 40
minutos e apos esse tempo o volume foi retirado e a garrafa seca voltou para a incubadora

até receber as células. Esse processo foi realizado no dia anterior ao dia da eutanasia.

Figura 5. Workflow do cultivo primério de astrocitos de camundongo C57/BL6. Baseado em Schildge et.
al., 2013.
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Camundongo C57/ Decapitagdo Cértex em Troca de meio:

" - usando tesoura solugdo tampao Garrafa de cultivo de 75 1 dia apés o semeio
BL-6 neonatos (1 - 3d) cirtrgica cm? previamente tratada 3 - 3 dias até maturagao
com poli-L-lisina celular (19-21 dias)

Fonte: Autoria propria, 2022 - adaptado de Bio Render.

Figura 6. Workflow do shake do cultivo primario de astrocitos de camundongo C57/BL-6. O shake deve

ser realizado durante o 7° ou 8° dia do cultivo. Baseado em Schildge et. al., 2013.
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Fonte: Autoria propria, 2022 - adaptado de Bio Render.
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4.2.3. Metodologia aplicada para atender o Objetivo especifico 2: Realizar uma anélise
qualitativa do grau de pureza das culturas de astrécitos produzidas utilizando a proteina
GFAP como marcador.

Apds a padronizagdo do método de isolamento, foi realizado o ensaio de
imunocitoquimica, utilizando GFAP como marcador especifico para astrocitos (Figura
7). Para esse ensaio, também foi utilizado o protocolo descrito em Schildge et. al (2003),
com algumas modifica¢des. Os astrocitos foram tripsinizados e semeados (100.000
células/coverslip) em coverslips de 15 mm de diametro previamente preparadas com poli-
L-lisina e cultivados em meio DMEM/10% SFB por 72h. Ap6s, o meio de cultura foi
retirado, as células foram lavadas 2x cuidadosamente com PBS e foram fixadas com PFA
4% tamponado durante 15 minutos. O PFA 4% foi removido, as células foram novamente
lavadas 2x com PBS e foram submetidas ao protocolo de bloqueio com uma solugdo
bloqueadora (7% SFB, 0,2% Tween 20 e gsp PBS) durante 1 hora a temperatura ambiente.
Ap0s, foi realizada incubagao com anticorpo primario anti GFAP (Tabela 1), diluido na
proporcao 1:100 overnight, a 4°C em camara imida. Apos, as células foram lavadas 3x
com PBS filtrado durante 10 minutos e foi adicionado o anticorpo secundario anti-rabbit
Alexa 555 (Tabela 1), diluido na propor¢do 1:500 durante 1 hora em temperatura
ambiente. As células foram novamente lavadas 3x com PBS filtrado durante 10 minutos
e foi realizada a coloragdo com DAPI (Tabela 1), diluido na propor¢do 1:10.000 para
marcac¢do do nucleo celular. Novamente, as células foram lavadas com PBS filtrado 2x
durante 10 minutos e foi realizada a montagem da lamina utilizando Fluoromount G
(Tabela 1). As laminas foram armazenadas em camara escura e fria at¢ o momento da

realizagdo da captura das imagens realizada no microscopio Leica - modelo dm6b.

Figura 7. Workflow do cultivo primario de astrdcitos e posterior analise do marcador GFAP pela técnica

de imunocitoquimica.
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Fonte: Autoria propria, 2022 - adaptado de Bio Render
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4.2.4. Metodologia aplicada para atender o Objetivo especifico 3: Avaliar a viabilidade
celular das culturas primdrias de astrocitos frente a indugdo dos fendtipos Al e A2,
utilizando o tratamento com LPS e a combinacao de TGFf e IL-10, respectivamente.

Os astrocitos obtidos a partir de cultivo primario de camundongos C57/BL-6
foram semeados em converslips (100.000 células/coverslip) durante 72h e entdo
submetidos aos seguintes protocolos: 1) administragdo de LPS (10ng/mL) para inducgdo
de perfil Al durante 72h e ii) administragcdo de IL-10 (10 ng/mL) + TGF beta (1 ng/mL),
para indugdo de perfil A2. Os astrocitos foram entdo submetidos a0 mesmo protocolo de

imunocitoquimica ja citado acima (item 4.2.4).

Para verificar a viabilidade celular, foram semeadas 20.000 células por pogo em
uma placa de 48 pocos (Figura 8). As células cresceram na placa durante 72h e depois
foram submetidas aos seguintes tratamentos, em quadruplicata: i) grupo controle:
mantidos com DMEM/10% SFB, ii) administragdo de LPS (10 ng/mL) para inducdo de
perfil Al e iii) administragdo de IL-10 (10 ng/mL) + TGF beta (1 ng/mL) para indugdo
do perfil A2. Entdo, foi realizado um ensaio de MTT (brometo de 3-4,5-dimetil-tiazol-2-
il-2,5-difeniltetrazolio). Essa técnica permite avaliar a atividade das desidrogenases
mitocondriais via redu¢do da molécula de MTT em um sal insoluvel - cristal de formazan
(Vistica, 1991). O ensaio foi realizado nos tempos de 24h, 48h, 72h e 96h para todos os
grupos. A absorbancia foi medida em 492 nm. Os dados foram expressos como
absorbancia (média + desvio padrdo). Os graficos e a analise estatistica foram realizados

utilizando o programa Prism GraphPad Software (San Diego, USA).

Figura 8. Esquema de organizagdo da placa de 48 pogos para o ensaio de MTT.
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Fonte: Autoria propria, 2023 - adaptado de Bio Render
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5. RESULTADOS

5.1. A padronizac¢io do protocolo de culturas primarias de astrdcitos corticais a
partir de camundongos neonatos da linhagem C57/BL-6 foi realizada com
sucesso.

A Figura 9 apresenta imagens representativas do desenvolvimento da cultura de
astrocitos de camundongo desde o semeio das células até a maturagdo apos 3 semanas de
cultivo. Para este cultivo, foi utilizado a porcao cortical de 5 animais neonatos (3 dias de
vida). O cultivo foi realizado em garrafas de 75 cm? e a quantidade de células semeadas
foi de aproximadamente 21,2 x 10°, relativo ao rendimento total obtido apds o isolamento.
O shake foi realizado no sétimo dia. Ao atingir a maturidade (20 dias), as células foram
tratadas e o restante foi devolvido a garrafa. Foi realizado acompanhamento pés semeio,
no qual a duragdo da cultura foi de 49 dias (7 semanas). Ao final do tempo preconizado
de cultivo (20 dias) foi possivel observar a predominancia de células com a morfologia
caracteristica de astrdcitos, indicando a importancia da etapa de shake para a remogao de
microglia. Além disso, conclui-se que a etapa inicial de limpeza do tecido cortical
(remogao de vasos sanguineos e de meninges) foi realizada de forma assertiva, uma vez

que a cultura ndo apresenta contaminacao com fibroblastos.
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Figura 9. Imagens representativas do cultivo de astrocitos primarios de camundongos C57/BL-6 ao longo

do tempo conforme indicado. Magnificancia: 20x.
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5.2. Analise qualitativa do grau de pureza das culturas de astrocitos produzidas
utilizando a proteina GFAP como marcador.

Com o intuito de verificar o grau de pureza das culturas de astrdcitos produzidas,
realizamos experimentos de imunocitoquimica utilizando a proteina GFAP como
marcador (Figura 10). Neste ensaio, foi possivel observar os astrocitos presentes na
cultura. A marcacdo com fluoréforo azul (DAPI) permite identificar a localizagdo dos
nucleos celulares e a marcagdo com fluor6foro vermelho (Alexa 555) indica onde ha

presenga de GFAP, proteina que compde o citoesqueleto dos astrdcitos. Portanto, quando
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observamos a presenca de nucleos celulares marcados em azul acompanhados por uma
rede de filamentos vermelhos, podemos presumir que essa cultura celular ¢
majoritariamente composta por astrocitos. Esse dado, somado a observagao morfologica
das culturas obtidas (Figura 9) comprovam que o protocolo de padronizagdo de cultivo
primério de astrocitos foi implementado com sucesso € que o mesmo ¢ reprodutivel,
constituindo uma ferramenta util para a realizagdo de estudos da participacdo dos

astrocitos em diferentes contextos fisiopatoldgicos.

Figura 10. Analise da expressao de GFAP em cultura primaria de astrocitos de camundongo C57/BL6.
Astrocitos primarios semeados em coverslips e processados para analise da expressdo de GFAP nos
tempos de 24h em A e 48h em B. Citoesqueleto das células marcado com GFAP (anti-rabbit Alexa 555;

vermelho) e o nucleo marcado em azul (DAPI). Magnificancia: 20x.
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5.3 Avaliaciao da viabilidade celular das culturas primarias de astrocitos frente a
inducio dos fenotipos Al e A2, utilizando o tratamento com LPS e a combinacio de
TGFp e IL-10, respectivamente.

A partir da padronizacdo da cultura de astrocitos, realizamos experimentos para
determinar o impacto de indutores de polarizacdio Al e A2, LPS e TGFp + IL-10
respectivamente, sobre a expressdo de GFAP, indicador de reatividade astrocitaria, e
sobre a viabilidade celular. Para tal, as culturas de astrocitos foram semeadas em
coverslips e estimuladas com LPS (10 ng/mL) e com TGFp + IL-10 (1 ng/mL; 10 ng/mL
respectivamente) e processadas para ICC para GFAP, conforme descrito na metodologia.
A Figura 11 mostra imagens representativas de expressao de GFAP em células controle
e estimuladas com os referidos indutores de polarizagdo Al e A2. Apesar da marcagao
com GFAP estar presente em todos os grupos, ndo foi possivel observar modificacdes
morfoldgicas significativas entre os grupos ou aumento de expressao de GFAP nas células

tratadas com LPS, conforme ¢ descrito na literatura. Dessa forma, mais experimentos sao

um 100
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necessarios para provar se os indutores de polarizacdo Al e A2 utilizados promovem

modificacdes diferenciais na morfologia e/ou expressdo de GFAP nos astrocitos.

Figura 11. Analise da expressao de GFAP em cultura primaria de astrocitos de camundongo C57/BL6.

Astrocitos primarios semeados em coverslips e processados para analise da expressdo de GFAP. Em A,

grupo controle, em B, astrocitos tratados com com LPS (10 ng/mL) e em C astrocitos tratados com TGFf
(1 ng/mL) e IL-10 (10 ng/mL), todos no tempo de 24h. Células marcadas com GFAP (anti-rabbit Alexa
555 - LifeTechnol (A21428)). Magnificancia: 20x.

Apos a andlise da viabilidade celular dos astrocitos foi realizada. As culturas
foram semeadas em placas de 48 pocos e tratadas com LPS (10 ng/mL) e com TGFp +
IL-10 (1 ng/mL; 10 ng/mL) por tempos crescentes (24, 48, 72 e 96 h). Apds, foi realizada
a andlise utilizando o ensaio do MTT, conforme descrito na metodologia. Células ndo
tratadas e cultivadas em DMEM/10% SFB foram consideradas controle (Figura 12 e
Figura 13). Com o conjunto dos presentes resultados, foi possivel avaliar a viabilidade
celular frente aos tratamentos propostos. O ensaio de MTT permitiu visualizar que nao
existe diferenca significativa em relagdo ao tempo de exposicao ao tratamento (Figura
12 - ANOVA de duas vias) nem entre o grupo controle e os grupos tratados (Figura 13
- ANOVA de uma via). Sendo assim, a atividade das desidrogenases mitocondriais dos
grupos tratados ¢ preservada em relagdo ao grupo controle, o que indica que o tratamento
proposto ndo compromete a viabilidade celular dos astrocitos em nenhum dos tempos
estudados. Concomitantemente, na imunocitoquimica, foi possivel visualizar que os

astrocitos ndo apresentaram indicios de dano ou morte celular frente aos tratamentos.
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Figura 12. Analise da viabilidade celular de astrdcitos primarios ap6s o tratamento com LPS (10 ng/mL),

TGFp (1 ng/mL) em combinagao com IL-10 (10 ng/mL). A analise de MTT foi realizada nos tempos

indicados. Experimento realizado em quadruplicata de um cultivo primario. Os resultados foram

expressos como média da absorbancia + desvio padrdo e as analises estatisticas foram realizadas através

de Analise da variancia (ANOVA) de duas vias seguido do post-hoc de Tukey considerando p <0,05
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Figura 13. Analise da viabilidade celular de astrdcitos primarios ap6s o tratamento com LPS (10 ng/mL),

TGFp (1 ng/mL) em combinagao com IL-10 (10 ng/mL). A analise de MTT foi realizada nos tempos

indicados. Experimento realizado em quadruplicata de um cultivo primario. Os resultados foram

expressos como média da absorbancia + desvio padrdo e as analises estatisticas foram realizadas através

de Analise da variancia (ANOVA) de uma via seguido do post-hoc de Tukey considerando p <0,05 como
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Anexo IV: Aprovacio do Comité de Etica em Experimentacio Animal da
Universidade Federal de Ciéncias da Sauide de Porto Alegre

REPUBLICA FEDERATIVA DO BRASIL
MINISTERIO DA EDUCAGAO

UFCSPA

UNIVERSIDADE FEDERAL DE CIENCIAS DA SAUDE DE PORTO ALEGRE

Rua Sarmento Leite, 245 - Fones: 0 xx 51 3303 9000 - Fax: 0 xx 51 3303.8810
CEP 90050-170 - Porto Alegre - RS - www.ufcspa.edu.br

CEUA —COMISSAO DE ETICA NO USO DE ANIMAIS

PARECER CONSUBSTANCIADO DE PROJETO DE PESQUISA E ENSINO
1) PROTOCOLO N°: 261/19 Parecer 653/19

2) DATA DO PARECER: 11 de setembro de 2019

3) TITULO DO PROJETO:

Analise da participacdo da sinalizagdo purinérgica na polarizagdo pro- ou
anti-inflamatoria de astrocitos associados ao tumor.

4) PESQUISADOR RESPONSAVEL:

Elizandra Braganhol

5) RESUMO DO PROJETO:

Busca o melhor entendimento da progressdo tumoral do glioblastoma (GBM) para
estabelecer novas frentes de tratamento. O sistema purinérgico ¢ descrito como uma
potencial via envolvida na progressio e malignidade de tumores.

Investigar o papel do sistema purinérgico na polarizagéo de astrocitos na progressao do
GBM. Levando em consideragdo a influéncia da relagdo astrodcito-glioma no
microambiente tumoral.

6) OBJETIVOS DO PROJETO:

Avaliar se a interacdo entre astrocitos reativos do microambiente tumoral,
principalmente os do fendtipo A2, e as células do glioma tem a capacidade de induzir
um processo de progressdo tumoral baseado na maior formagao de adenosina.

7) FINALIDADE DO PROJETO: [_|Ensino Pesquisa

8) ITENS METODOLOGICOS E ETICOS DO PROJETO:

Titulo Adequado |:| Comentarios
Introducao IZl Adequada |:| Comentarios
Objetivos Adequados [__| Comentarios
Relevancia e Justificativa Adequados [__| Comentarios
Materiais e Métodos Adequados [__| Comentarios

Cronograma para execugéo da pesquisa Adequado [__] Comentarios

Rua Sarmento Leite, 245 * Porto Alegre, RS ¢ CEP 90050-170 ¢ Fone: 0 xx 51 3303 9000 ¢ Fax: 0 xx 51 3303.8810 * www.ufcspa.edu.br
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REPUBLICA FEDERATIVA DO BRASIL
MINISTERIO DA EDUCAGAO

UFCSPA

UNIVERSIDADE FEDERAL DE CIENCIAS DA SAUDE DE PORTO ALEGRE

Rua Sarmento Leite, 245 - Fones: 0 xx 51 3303 9000 - Fax: 0 xx 51 3303.8810
CEP 90050-170 - Porto Alegre - RS - www.ufcspa.edu.br

Orgamento e fonte financiadora E Adequados I:l Comentarios

Referéncias Bibliograficas Adequadas [__| Comentarios

9) O PROJETO ESTA ADEQUADO A LEGISLAGAO VIGENTE:
Sim [] Nao

10) INFORMAGOES RELATIVAS AOS ANIMAIS:

Grau de dor/estresse: B | c ] p[] E []

Justifique:

Espécie: | Camundongo isogénico C57/BL-6 Numero Amostral: 120
Redugéo Amostral: [ ]sim [x ] Nao
Justifique:

Substituicado de Metodologia: |:| Sim |Z| Nao

Se achar necessario, justifique e sugira uma nova metodologia:

Aprimoramento da Metodologia: []sim [x_] Nao
Se achar necessario, justifique e sugira aprimoramentos da metodologia:

Acomodagao e manutengao dos animais: |Z| Adequada |:| Inadequada
Se achar inadequada cite abaixo as melhorias necessarias:

Manipulagio dos animais: [x_| Adequada [_] Inadequada
Se achar inadequada cite abaixo as melhorias necessarias:

Analgesia dos animais (se aplicavel): |:| Adequada ]:[ Inadequada
Se achar inadequada cite abaixo as melhorias necessarias com analgésico substituto:

Anestesia dos animais (se aplicavel): |:| Adequada I:l Inadequada
Se achar inadequada cite abaixo as melhorias necessdrias com anestésico substituto:

Rua Sarmento Leite, 245 * Porto Alegre, RS ¢ CEP 90050-170 ¢ Fone: 0 xx 51 3303 9000 ¢ Fax: 0 xx 51 3303.8810 * www.ufcspa.edu.br
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REPUBLICA FEDERATIVA DO BRASIL
MINISTERIO DA EDUCAGAO

UFCSPA

UNIVERSIDADE FEDERAL DE CIENCIAS DA SAUDE DE PORTO ALEGRE

Rua Sarmento Leite, 245 - Fones: 0 xx 51 3303 9000 - Fax: 0 xx 51 3303.8810
CEP 90050-170 - Porto Alegre - RS - www.ufcspa.edu.br

Eutanasia dos animais (se aplicavel): |Z| Adequada ]:[ Inadequada
Se achar inadequada cite abaixo as melhorias necessarias com metodologia substituta:

Decaptagao

Local de Realizagao (Biotério/Labotardrio):
Biotério da UFCSPA.

Outra instituigdo. Qual?
11) CRONOGRAMA DE UTILIZAGAO DE ANIMAIS

Data Espécie Sexo Quantidade
1 a3 dias C57/BL-6 Machos 120

12) RECOMENDAGAO: As pendéncias deverdo ser respondidas em uma carta,
indicando as paginas do projeto que foram alteradas (nova versao), assinadas
pelo pesquisador responsavel.

Aprovado
|:| Com Pendéncia

|:| N&o aprovado

Data de inicio: julho de 2019 Data de Término: junho de 2023

Comentarios gerais sobre o projeto:

Formulario:

Corrigir a data de inicio do projeto.

O CEUA sugere o uso de camundongos fémeas para alcancar o
ndaamostra mais rapidamente.

Rua Sarmento Leite, 245 * Porto Alegre, RS ¢ CEP 90050-170 ¢ Fone: 0 xx 51 3303 9000 ¢ Fax: 0 xx 51 3303.8810 * www.ufcspa.edu.br
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