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Resumo

O microambiente tumoral desempenha um papel fundamental na iniciagdo e na progressdo da

carcinogénese.

O habitat caracteristico do microambiente tumoral, intensamente dindmico e heterogéneo, envolvendo
células imortais, células do estroma, células imunitarias, vasos sanguineos, matriz extracelular e
sinalizagdo molecular permite definir a carcinogénese como uma doenga do microambiente tumoral; as
intricadas e complexas interagdes entre todos os componentes celulares influenciam o crescimento do

tumor, a invasao de tecidos adjacentes, e 0 processo de metastizacao.

Elementos criticos caracteristicos do microambiente tumoral como a hipoxia, inflamagéo, e evasao
imunolégica modelam a forma e expressdo do comportamento e gravidade do tumor na resposta as

terapias existentes.

Os fibroblastos tumorais associados ao cancro, que se encontram no microambiente tumoral, séo
fundamentais na sua agao pro-tumoral, na remodelagao da matriz extracelular (ECM) e na secregéo de

fatores de crescimento que ativam a angiogénese e a proliferacao das células tumorais.

Os macréfagos tumorais, outras células imunolégicas e componentes do microambiente adquirem

fendtipos pré-tumorais, que permitem a evasao de células cancerigenas a vigilancia imunologica

As condicdes de hipdxia, e a sobre expressédo dos fatores de transcricdo que respondem a diminui¢éo
dos niveis de oxigenacdo infratumoral caracteristicas do microambiente tumoral, agravam a instabilidade
e a resisténcia a apoptose e adicionalmente, promovem a angiogénese e modelagdo das vias

metabdlicas intracelulares.

A inflamagao cronica caracteristica dos ambientes microtumorais ancora um ambiente permissivo e

potenciador da sobrevivéncia e proliferagdo das células metastizadas.

O Microambiente tumoral contribui para resisténcia as abordagens terapéuticas existentes, ja que atua
como barreira a agdo dos farmacos, e simultaneamente, potencia 0s mecanismos de resisténcia das

células, promovendo a metastizagéo.

Compreender as relacdes e os papeis de cada componente do microambiente tumoral e a sua relagéo
com a carcinogénese permitira desenvolver estratégias terapéuticas mais eficientes e adequadas

garantindo o tratamento e 0 aumento da sobrevida dos doentes.

Palavras-chave: Microambiente tumoral; carcinogénese, evasao imunoldgica, células associadas ao

cancro, hipdxia.



Abstract

The tumor microenvironment plays an essential role in the initiation and progression of carcinogenesis.

Tumor microenvironment characteristic habitat, intensely dynamic and heterogeneous, involving immortal
cells, stromal cells, immune cells, blood vessels, extracellular matrix and molecular signaling allows
defining carcinogenesis as a tumoral microenvironment disease; the intricate and complex interactions
between all cellular components influence tumor growth, invasion of adjacent tissues, and the process of

metastasis.

Critical elements characteristic of the tumor microenvironment, such as hypoxia, inflammation, immune

evasion, model the form, expression, and tumor’s behavior and severity, towards therapies.

Cancer associated tumor fibroblasts, are cardinal in their pro-tumor action, in remodeling of extracellular

matrix and in growth factors’ secretion thus promoting angiogenesis and tumor cell’'s grow.

Tumor associated macrophages, other immune cells and TME components acquire pro-tumor

phenotypes, which allow the evasion of cancer cells to immunological surveillance.

Hypoxia habitat, and the overexpression of the transcription-factors increases apoptosis’s instability and

resistance, additionally, promotes angiogenesis and intracellular metabolic pathways’ remodeling.

Chronic inflammation, a microtumor environments’ character anchors a permissive environment and

enhances metastic cell’s survival and proliferation.

Tumoral Microenvironment acts as a barrier to drug’s delivery conventional therapeutic approaches,

simultaneously, increases cell’s resisting mechanisms, promoting metastasis.

Understanding the deep interplays of Tumoral Microenvironment cellular's components and
carcinogenesis allows the development of more efficient and appropriate therapeutic strategies, providing

pharmacological efficacy and increase patients’ survival.

Keywords: tumoral microenvironment; carcinogenesis, Immunological evasion, cancer associated cells,

hypoxia.



Abreviaturas

TME- Tumoral microenvironment
CAF’s- cancer-associated fibroblasts
MAFt -melanoma associated fibroblasts
HIFS-hypoxic inducible factors

TGF-pB-fator de crescimento transformador beta

MMP’s-matrix metalloproteinases

Wnt/B-catenine signaling pathway

MAPK-mitogen-activated protein kinase

EGFR-recetor do fator de crescimento epidérmico

JAK/STAT- Janus kinase-tradutores de sinal e ativadores da transcricao
NF-kB- fator nuclear Kappa-light chain enhancer das células B ativadas
ECM- extracellular matrix

EMT-epithelial-mesenchymal transition

VEFG-fator de crescimento do endotélio vascular

a_SMA.- alfa-actina do musculo

FAP - Fibroblast activation protein alpha

PDGFR- recetor do fator de crescimento derivado das plaquetas

HAP-hidrocarbonetos policiclicos
NDMA _N-nitrosodimethylamine
NER- Nucleotide excision repair
TP53-proteina do tumor

SNPS-polimorfismos de nucleotido Gnico
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1 Objetivo

Pretende-se, fazendo uma revisao bibliografica, compreender as relacfes e 0s papeis de cada
componente do Microambiente Tumoral (TME) na sua relagdo com a carcinogénese, com 0
intuito de identificar novas e possiveis estratégias de investigacdo e alvos terapéuticos que
possam complementar, adequar ou inovar terapéuticas de intervencdo que se revelem mais

eficientes e adequadas ao tratamento e ao aumento da sobrevida dos doentes com cancro.
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2 Materiais e metodos

Este trabalho, foi desenvolvido a partir da pesquisa na documentacédo cientifica disponivel &
data em diferentes bases de dados PubMed, ScienceDirect e Elsevier, B-on, Google scholar.
Os artigos selecionados foram publicados entre os anos 1971 e 2024,

Os termos de pesquisa mais utilizados foram carcinogénese; tumoral microenvironment, TME,

Hallmarks of cancer, cancer associated imune cells
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3 Carcinogenese

3.1 Defini¢céo e modelos

A Carcinogénese € o processo complexo e multifatorial pelo qual as células normais sdo

transformadas em células cancerigenas (1-5)

A identificacdo clara das alteracdes genéticas e dos processos moleculares (1,6) envolvidos na
transformac&o das células normais em tumorais, (Fig.1), permite o desenvolvimento de terapias
especificas que inibam os processos de transformacéao, a melhoria dos tratamentos instituidos e
dos efeitos adversos sentidos pelos doentes, e a identificacdo de biomarcadores para detecédo

precoce de tumores, 0 que € critico na prevencao e sobrevivéncia dos doentes(7,8).

Estudos sobre fatores ambientais, como a exposi¢cdo ao tabaco e a radiacdo definem a
importancia do desenho de estratégias de intervencdo em saude que sublinham a importancia
da mudanca de estilos de vida.(4,5,9-11)

Bhat et al.; Asian J. Res. Biochem., vol. 14, no. 4, pp. 111-125, 2024; Article no.AJRB. 118556

1) Carcinogens

<¥ e a s
ISTENT. ?\\Ffl;r,
(gt g g
b Normal
L) DNA
Carcinogenic metabolites Onc \
h ogene alterabon /
production | DNA

_—
Interaction with cellular

proteins to suppress \ R . &
immune system or cause \/--'1“'[\' f{;z |
inflammation ./J/Ak_.// % L _J/!/
Damaged DNA
Chronic inflammation or
ROS induced DNA damage DNAd aindd st

Figura. 1 Complexidade dos processos de carcinogénese ilustrando as causas do cancro:
radiacdo, quimicos, virus, bactérias ().

As teorias subjacentes a carcinogénese tém por base varios modelos (12,13) onde se inclui o
modelo por etapas (4,13-15), (Tabela 1).
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P.Vineis of al.

Table L. Five recent non-exclusive models of carcinogencsis
Model | Model 2 Model 3 Maodel 4 Model 5
‘mutational’ ‘genome instability”  “non-genotoxse” "Darwittian’ ‘Hissue orgamzation’
Main focus Chemical carcinogens  Famifiadity Clonal expansionfepigenctics  Clonal expanssonicell selection Microenvironment
Genome instability Mosphostats
Viruses
Examples Tobacco and lung Colon cancer Det. hormwnes Beta-carotene, folate, chemotharapy
HI'Y Kb
Mo hanistns DNA addoces CIN, MIN, MMR. Methylation histone Sclective advantage
Rb, BRCAL, TSG weetylation
Mutations
Oncogenes
Mathematical models  Armitage-Daodl Knudson Moolgavhar Nowak Baker
BRCAL, breast cancer | gene: HPVY, human papillomavirus: MMR, mismarch repair; Rb, retinoblastoma

Tabela 1- Modelos de carcinogénese(13)
O modelo mutacional ou por etapas teoriza que 0 processo da carcinogéenese ocorre em etapas
sequenciais e envolve um acumular sistematico e incremental de mutacdes, genéticas e

epigenéticas ao longo do tempo(15-17),( Fig.2.)

Acquired (environmentai) DNA  —» Normal cell
damaging agents Successful
« Chemical l DDNA repair
DNA damage
* Radiation + Inherited mutation in:
* Viruses Failure of DNA repair  e— * Genes affecting DNA repair
* Genes affecting cell growth
Mutations in the genome of somatic cells o or apoplosis
+
Activation of growth- Inactivation of tumor Alterations Iin genes that
promoting oncogenes Suppressor genes regulate apoptosis
Unregulated cell proliferation Decressed apopiosis
~. /
Clonal expansion
Angiogenesis & escape > Additional
from immunity v mutations
Tumor progression
'l Invasion &

Malignant neoplasm — metastasis

Figura 2-Mecanismos de carcinogénese

https://www.lecturio.com/author-stanley-oiseth/ Mechanisms of carcinogenesis due to carcinogens causing DNA damage

Outros modelos como o modelo evolucionario, sugerem que a carcinogénese ocorre pela
selecdo natural de células mutantes, (Fig.3), em microambientes onde a competicdo por
nutrientes vai determinar a sobrevivéncia dos clones com fendtipos que maximizam o uptake
(amplificam os transportadores de membrana) ou a entrega de substrato
(angiogénese)(13,17,18).
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Figura 3-Evolugdo tumoral por clones de células mutantes (19)

3.2 Hallmarks of cancer

As células transformadas possuem caracteristicas diferenciadoras da célula normal, i.e,
aquisicdo de capacidades bioldgicas distintas, descritas por Hanahan,(2) e designadas por

Hallmarks of cancer, que potenciam o crescimento incontrolavel e a imortalidade (2,15,16,20)

Nestas caracteristicas inclui-se a sinalizacéo proliferativa sustentada, independente de fatores
externos- as células cancerigenas sinalizam continuamente para ao seu proprio crescimento,
contornando os mecanismos de regulacéo do crescimento celular, (2)adquirem a capacidade de
evadir-se a mecanismos que normalmente limitam o crescimento celular, com a perda de
funcdo do gene supressor de Tumor (TP53) (15); resistem a morte celular programada -
apoptose- (15) e garantem a sobrevivéncia em condi¢fes hostis ao seu desenvolvimento
(quando por exemplo quando estdo sobre tratamento oncoldgico); ativam a imortalidade
replicativa- a partir da regulacdo positiva da telomerase o que impede o encurtamento dos

telomeros, inibe o envelhecimento e garante a divisdo celular ad aeternum(2,15,16)

Induzem a angiogénese, estimulando a formacgdo de novos vasos sanguineos, nutridores e
oxigenadores das células neoformadas e da massa tumoral emergente (21) adquirem a
capacidade de se infiltrar, nos tecidos circundantes e provocam metastases- migram para

orgaos distantes do foco original do tumor (6).

Outras caracteristicas como a reprogramacdo do metabolismo energético celular, i.e., 0
desvio da producao energética celular para a glicolise, mesmo na presenca do oxigénio (efeito
de Warburg)(15); e o desenvolvimento de mecanismos de evasao a detecao e eliminacao pelo
sistema imunitario evitando a sua destruicdo pelas células imunitarias efetivam a sua

sobrevivéncia e progressao (15)
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Novas caracteristicas tém sido identificadas nas células tumorais tais como a plasticidade
acrescida, que possibilita que transitem entre diferentes estados celulares contribuindo para a
resisténcia terapéutica e a reprogramacdo epigenética ndo mutacional, as células
cancerigenas aproveitam alteracGes epigenéticas como a metilacdo do DNA e a modificacédo

das histonas para manterem os processos de transformacéo celular (16)

Sustaining Evading [‘”"',"‘l . ”"f, s

proéerative s»gnalmg gromn SUDPressors Uniocking Noamutational

phenotype epigenatic

(anhcity

Deregulating Avoiding
celular immune
metabolism @ dastruction
- ". A
. J ‘
Resistin: ' Enabling
ceis(lse‘alg - ",& “:D_, - . 9 replicative
.: = immortality :
Genome
instability & Tumar-promoting +
mutation ’ inflammation
mecy mnur.cu
Inducing or acoessmg Activating Invasion
vasculature & metastasis

Figura 4-Hallmarks of cancer (16)

Sdo caracteristicas de ativacdo, a instabilidade e mutacédo do genoma- os tumores acumulam
mutacBes genéticas que conduzem & progressdo do cancro e a inflamagdo crénica no
microambiente tumoral, (Fig.4,) ambas, favorecem o desenvolvimento do cancro e as
metastases(16,22-25).

3.3 Etapas da carcinogenese

O desenvolvimento gradual, e complexo, que envolve o acumular de erros genéticos e
epigenéticos, do processo de transformacdo das células normais em malignas, sugere que a
carcinogénese progride por etapas e fases distintas: a Iniciagdo; a promocéo e progressao
(5,9,19).

Cada etapa envolve mutages especificas nos oncogenes e genes supressores de tumores, tabela
2, que permitem & célula transformada evadir-se aos mecanismos de controlo intracelulares

normais do crescimento celular e adquirir propriedades invasivas.
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Proto-oncogenes Tumor-suppressor genes

Involved in cellular growth and Function unknown but possibly in-
differentiation volved in cellular growth and dif-
ferentiation (negative regulators of
cell growth?)
Family of genes exists Family of genes exists
Activated (quantitatively or Inactivated or lost in cancers
qualitatively) in cancers
Activation by point mutation, Inactivation by chromosome loss,
chromosome translocation, or chromosome deletion, point muta-
gene amplification tion, somatic recombination of
gene conversion
Little evidence for involvement in Clear evidence for involvement in
hereditary cancers hereditary and nonhereditary
cancers

Tabela 2-Classes de genes envolvidos na carcinogénese (26)

Este modelo-por etapas ou multistep, (Fig.5), € apoiado por dados experimentais e por
observacdes clinicas e o cancro colorretal é frequentemente citado como exemplo classico deste
processo (6,27,28)
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Figura 5-Carcinogénese por etapas (25)
Avangos na sequenciacdo genética demonstram que lesdes pré-cancerosas contém mutacgdes

complexas, confirmando assim a natureza multietapas da carcinogénese (29).

Alteracdes em genes chave, permitem a expanséo clonal, e mutacdes posteriores promovem a

metéstase e invasdo a novos tecidos (14), (Fig.6).

A carcinogénese por etapas € influenciada por fatores ambientais e de estilo de vida, tais como
a exposicdo a agentes carcinogénicos ou a fatores de dieta, fatores estes determinantes da

progressdo das células pré-neopléasicas (27,28,30-32).
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Figura 7-Fases da Carcinogénese(33)

Iniciacdo

A iniciacdo envolve mutacfes genéticas irreversiveis no DNA celular causadas por agentes
carcinogeénicos aflatoxinas, poliacrilamidas, fumo do tabaco, radiacdo-raios UV e certos virus.

(9) ,( Fig. 7.) Estas mutacdes frequentemente afetam genes criticos como -proto oncogenes ou

genes supressores de tumor,(12)que regulam a diviséo e o crescimento celular (14).

Nesta fase as células transformadas proliferam descontroladamente formando tumores.
Ocorrem mutacfes em oncogenes, tornando-os hiperativos, estimulando a divisdo continua,
enquanto mutacgdes nos genes supressores de tumor, como o0 TP53, causam perda de controlo
sobre o ciclo celular e a apoptose (6,28,31). Além disso, mutagcdes em genes de reparacdo do
DNA como o BRCA1/2 comprometem a capacidade de correcdo de danos acelerando a

carcinogenese(33), (Tabela 2).
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A instabilidade genémica impulsionada por mutagdes em genes como MYC e RAS resulta em
acumulagdes adicionais de mutacOes que favorecem a progressao tumoral(15)

Nesta fase inicial, a transformacdo celular ainda € reversivel e fenotipicamente as células

aparentam normalidade(12).(Fig.6 e 7, Tabela 3).

Initiation Promotion Progression
Irreversible with constant “stem cell’ potential Operationally reversible both at the level Irreversible
Initiated “‘stem cell” not morphologically of gene expression and at the cell level Measurable or morphologically
identifiable by “remodeling” and/or apoptosis discernible alteration in cell
genome’s structure
Efficacy sensitive to xenobiotic and other Promoted cell population existence
chemical factors dependent on centinued
administration of the promoting agent
Spontaneous (fortuitous) occurrence of Efficacy sensitive to aging and dietary Growth of altered cells
initiated cells can be quantitated and hormonal factors sensitive to environmental
factors during early phase
of this stage
Requires cell division for “fixation”
Dose-response does not exhibit a readily Dose-response exhibits measurable Benign or malignant
measurable threshold threshold and maximal effect neoplasms characteristically
dependent on dose of initiating agent seen
Relative effect of initiators depends on Relative effectiveness of promoters is “Progressor” agents act to
quantitation of focal lesions following measured by their effectiveness when advance promoted cells into
defined period of promotion given at a constant dose rate to cause this stage but may not be
an expansion of the progeny of the initiating agents

initiated cell population

* Adapted *

Tabela 3-Caracteristicas morfoldgicas das etapas do cancro (34)

3.3.1 Promogao

As células transformadas sdo induzidas a proliferacdo celular por meio de estimulos externos,
como fatores hormonais, inflamag&o cronica, ou promotores quimicos. E uma fase reversivel,
gue ocorre sem alteracbes genéticas adicionais, mas sim por modificacdes epigénicas que
promovem a expansdo clonal das células mutadas. (10,31). A inflamacdo cria um ambiente
crénico pro-cancerigeno ao libertar citocinas e espécies reativas de oxigénio que favorecem a

sobrevivéncia e a proliferacdo célular além de induzir mais danos ao DNA (35,36).

Hormonas como 0s estrogénios no cancro da mama e 0s androgénios no cancro da prostata,
desempenham um papel central ao estimular o crescimento de células, incluindo as
transformadas, conferindo-lhes uma vantagem seletiva na progressdao tumoral. Estes
promotores modulam vias de sinalizagdo como por exemplo, NF-KB, PI3K-AKT, que superam
0s mecanismos reguladores normais, ampliando a expansdo clonal das células mutadas e

garantindo vantagem seletiva das células tumorais sobre as células normais (37,38)

Condi¢bes como a endometriose, exemplificam a interagdo entre o estrogénio e a inflamacéo,
com o hormonio, a promover a libertacdo de mediadores pro-inflamatérios que inibem a

apoptose e incentivam a proliferacdo e adesdo celular. Esta dindmica sustenta a sobrevivéncia
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das células transformadas, apoia processos como a angiogénese e a neurogénese, essenciais

para o crescimento continuo e a disseminacdo das células tumorais (39)

No caso da inflamacéo alérgica, estudos em murinos demonstraram mostram que 0 estrogénio
tem efeitos pré e anti-inflamatdrios influenciando tanto a proliferacdo celular quanto a resposta
imune. A remocdo do estrogénio (por exemplo, via ovariectomia), reduz os marcadores
inflamatorios como os eosinofilos e a IL-5, frequentemente elevados em respostas alérgicas que

contribuem para o crescimento celular anormal (40)
3.3.2 Progressao

A progressdo envolve outras alteragdes nas células transformadas devido a fatores como o
aumento da instabilidade gendmica(41), influéncias ambientais e pressfes seletivas que
contribuem para as carateristicas malignas dos tumores invasivos. Esta € caracterizada por

invasdo a tecidos adjacentes, angiogénese e metastase(2,15) (Fig.8)

Durante a progressao, as células sofrem mutagdes adicionais em genes reguladores chave como
oncogenes, por exemplo KRAS, MYC, (42) ,(Fig.9), e em genes supressores de tumores, por

exemplo TP53, RB, que controlam o ciclo celular e a apoptose(28,43).

[ igt2, Cox-2, loss of ps3, etc. |

Loss
Loss ol Ephe

Microadenomas (Min mouse)
BCAC (carcinogen-induced
models)

Normnl -appearing
mucosa

Macroscopic calon Invasive / (metastatic)
tumor colon cancer

Non-cell autonomous effects?
(e.g, inflammatory stimuli)

Epigenetic modification
K-ras activation?

-—= 2

Classical ACF
(K-ras activated mouse & carcinogen-induced model)

Fig. 2. A model for multistage colon carcinogenesis in mice and its possible modifiers. Genetically engineered mice have shown a number of
modifiers for different stages of colon cardnogenesis.

Figura 8- Modelo de carcinogénese por etapas no rato(29)
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GTPase activating  proteins (GAPs), The three most provalent KRAS activated pathways are: 1. PIBK/PDK1/AKT pathway, in which PI3K
phosphorylates FIP2 to PIP3, attracting PDK that, together with mTORCZ, activates AKT, regulating FoxO family, GSK3 and mTORC1; 2. RAF/
MEK1/2/ERK1/2 pathway; and 3. RALGDS/RALA/RALB pathway, which activates the effectors RACI, CDCA2 and PLD. All these pathways
culminate in the activation of MYC target genes, propelling key cancer hallmarks such as metabolic roprograming, replicative immaortality, cell
death escape, protein translation, resistance to growth suppression, metastasis and Invasion. Created with BioRender.com

Figura 9-Via de sinalizacao do RAS (42)

Estas mutagcOes conduzem a um aumento da proliferagcdo celular, redugdo da morte celular,
instabilidade gendémica e resisténcia a sinais inibidores do crescimento. As alteracBes
epigenéticas, (Fig. 10), como a metilacdo do DNA e a modificagdo das histonas, contribuem
para a malignidade ao silenciarem 0s genes supressores de tumores e ao alterarem a expressao
genética(44,45) .
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Figure 1. Genetic mutations of epigenetic modifiers in cancer. The drawing shows the input of epigenctic processes
n 1;\(\1!1\111[1 gene expression patterns Recent whole-exome sequencng studies show that mutations in vanous
classes of epigenetic modifiers are frequently observed in many types of cancers, further highlighting the cross talk
between genetics and epigenetics. Examples of some, but not all, of these mutations are illustrated here and listed in
Table 2. The mutations of epigenetic modifiers potentially cause genome-wide epigenetic alterations in cancer, but,
save for isocitrate dehydrogenase (IDH) mutations as discussed in the text, these have yet to be shown on a genome

wide scale. Understanding the relationship of genetic and epigenetic changes in cancer will offer novel insights for
cancer therapies. MBDs, methyleytosine-binding proteins; PTM, posttranslational modification, (Adapted from
You and Jones 2012.)

Figura 10-Mutac¢6es nos modificadores epigenéticos do cancro (44)

A medida que a progressdo continua, as células transformadas adquirem caracteristicas
definidas por Hannahan e Weinberg como Hallmarks of cancer(15), que incluem a manutencéo
da sinalizacdo proliferativa, a evasao ao supressores de crescimento, a imortalidade replicativa
e a ativacdo da invasdo e das metastases.(2,15,16,46) As células tumorais desenvolvem ainda
um potencial angiogénico (21,47), adquirindo a capacidade de induzir a formacdo de vasos

sanguineos para sustentar o seu crescimento.

A transicdo epitelial para mesenquimal (EMT) é um evento fundamental na invasdo do cancro,
em que as células epiteliais perdem as suas propriedades de adesdo e adquirem caracteristicas

mesenquimatosas(48), aumentando o seu potencial migratorio e invasivo, (Fig.11).
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Figura 11-Papel da EMT na metastizagao (48)

A metastizacdo envolve a disseminacdo a partir do tumor primario, destas células, a
sobrevivéncia em circulacdo e a colonizacdo de tecidos distantes(49,50). A investigacao recente,
destaca o papel do microambiente tumoral (TME), das células estromais, das células
imunitérias e dos componentes da matriz extracelular na facilitagdo da transicéo para o cancro

invasivo e metastatico (51)

A interacdo tumor, sistema imunitario € outro ponto critico desta etapa, as células cancerigenas

escapam 4 vigilancia imunitaria através de mecanismos de regulacdo positiva(52-55).

O aumento das mutacfes genéticas leva a uma maior proliferacdo celular, resisténcia a morte
celular e invasdo dos tecidos confinantes. Este processo degrada a matriz extracelular através
de enzimas como as metaloproteinases (MMPS) e altera as moléculas de adesdo como as
integrinas, permitindo que as células tumorais migrem, invadam os tecidos circundantes e se

espalhem para 6rgdos distantes- metéastases(56-58).

Outros fatores do TME, como a hipoxia e a inflamagdo promovem a angiogénese e facilitam a

metastizacéo.
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3.4 Causas e Fatores de risco da carcinogéenese

O desenvolvimento do cancro resulta de fatores de risco intrinsecos, como predisposicdes
genéticas, imunocompeténcia, idade e influencia hormonais e extrinsecos, associados ao
ambiente(59-62), (Fig.12).

ALTERED A ALTERED
MICROENVIRONMENT MICROENVIRONMENT
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INTRINSIC bl INTRINSIC
Q Replication Fork stress Age, chronic inflammation
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zh EXTRINSIC EXTRINSIC EXTRINSIC
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NON-GENOTOXIC OR BOTH?

Figure 1. Different models connecting cancer risk with causative factors, (a) The classical model connects the mutational lead with cancer initiation and progression.
A high dose of genotoxic carcinogen’s exposure (extrinsic factor) correlates with increased cancer risk through a mutagenic mechanism shutting driver genes and thus
eliciting neoplastic transformation. Mutations can also arise from both intrinsic factors, 1.e. replication fork stress, inflammation, or lifestyle. (b) The updated model
proposes that a microenvironment altered by elther Intrinsic or extrinsic factors acts as a sound box for the transformation process. Altered signaling from microenvir-
onment (secreted cytokines by immune cells or mechano-transduction signals) would integrate the biological effect of few genomic lesions or promote selection for
adaptive pro-neoplastic mutations; chemicals may actively contribute to changes in cell homeostasis both by fueling inflammation and/or affecting DNA Integrity. (c)
A proposed model linking altered milieu and cancer development. A prolonged Infi tion induces infl ory cell infiltration with massive collagen deposition
causing matrix stiffness, These changes in the microenvironment could be enough to trigger epithelial mesenchymal transition and to rewire the gene expression
profile toward malignancy even In the absence of genomic lesions. The carcinogen may contribute to this process even at low doses, beyond the mere induction of
genetic alterations.

Figura 12-Fatores carcinogénicos intrinsecos e extrinsecos (60)

Cerca de 70% dos casos de cancro decorrem da carcinogénese quimica, causada por poluentes

industriais, tabagismo e aflatoxinas que causam danos ao DNA(63),( Fig.13, Tabela 4).
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Figura 13-A exposi¢do humana a agentes quimicos causadores de mutacdes no DNA (4)

Além disso, dieta, estilo de vida, alcool e exposicdo a metais pesados aumentam o risco de

carcinogénese, especialmente em exposicdes prolongadas, (Tabela.4.)

Carcinogenic ) Target " Potential Mode of “Associated

Chemicals Tissue Action Agent/Substance

Formaldehyde  MNasal Induces DNA damage, Occupational exposure
Cavity promotes nasal cancer (e.g.. certain industries)

Benzene Bone Disrupts hematopoiesis, Occupational exposure
Marrow, promotes leukemia (e.g.. petrochemical
Blood industry)

Arsenic Skin, Lung, Promotes oxidative Contaminated drinking
Bladder stress, disrupts DNA water, certain industrial

) _repair _exposures
Vinyl Chloride Liver, Lungs Metabolites cause DNA Occupational exposure

damage and protein
dysfunction

(e.g., plastics
manufacturing)

Chromium (V1)  Lung, Nasal Generates ROS, DNA Occupational exposure
_Cavity _damage _le.g., in metahvorking)
Nickel Lung, Nasal Impair DNA repair, cause Occupational exposure
Compounds Cavity oxidative stress (e.g.. nickel refining)
1,3-Butadiens Blood, Forms DMNA adducts, Occupational exposure
Lymphatic disrupts cell cycle control  (e.g., rubber production)
Acrylamide Nervous Forms DNA adducts, Present in certain foods
System, induces mutations in cooked at high
Liver nerve cells temperatures
Polycyclic Various Activate carcinogen- Found in tobacco
Aromatic Tissues metabolizing enzymes, smoke, air pollution, and
Hydrocarbons _ DNA damage _ grilled meat

Tabela 4- Carcinogéneos quimicos (64)

Os carcinogéneos quimicos, como hidrocarbonetos policiclicos (HAP) podem formar ligac6es

covalentes com nucleotidos do DNA, distorcendo a sua estrutura e gerando erros de replicagéo,

além de induzirem stress oxidativo(65,66).
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A alquilagcdo do DNA é um mecanismo importante de mutagdo, em que compostos como 0
benzo[a]pireno formam aductos com a guanina levando a mutagdes com a troca de guanina por
adenina(67-69).

A N-nitrosodimetilamina (NDMA), por sua a vez cria O-6-metilguanina, o que perturba o

emparelhamento de bases e induz mutagdes associadas a varios cancros (68,69), (Tabela 5).

Table 1. Important nitrosamines, formed DNA alkylation adducts, and their sources.

Nitrosamines Abbreviation Major DNA Alkylation Adducts Sources
N-nitrosodimethylamine NDMA  N7-MeG, N3-MeA OF-MeG, O2-MeT, O*-MeT ' °°% ‘t""ﬁ‘f"b‘"“
N-nitrosodiethylamine NDEA N7-EtG, N3-EtA, O°-EtG, O%-EtT, O*-EtT Food, drugs
iz T 7—(2-()xopmpyl)-Nl,Nz-ethen()—(;, .
Nsitoropipetiaine NETE N2-(3,4,5 6-tetrahydro-2H-pyran-2-yl)-2-G Bood
. e N7,8-ButanoG, N7-(4-Oxobutyl)-G,
N-nitrosopyrrolidine NPYR O 4 OH-Butyl)-T, and others Food
N-nitrosodiethanolamine NDELA OP-OHELG and others; glyoxal adducts Cosmetics

N-nitroso-N-methyl-4-aminobutanoic acid NMBA unknown Drugs

N-nitrosodiisopropylamine NDIPA unknown Drugs

N-nitrosoethylisopropylamine NEIPA unknown Drugs

N-nitrosomethylphenylamine NMPA unknown Drugs

N-nitrosovarenicline - unknown Drugs

N-nitrososalbutamol - unknown Drugs

4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone; e N7-MeG, N3-MeA, N3-MeG, 0°-MeG,
(nicotine-derived nitrosamine ketone) 0*-MeG, 0°-pobG Tobacoo smioke
4-(methyInitrosamino)-1-(3-pyridyl)-1-butanol; N7-MeG, N3-MeA, N3-MeG, 05-MeG, .

(nicotine-derived nitrosamine alcohol) NNAL O*-MeG, ()ﬁ-pob(; Tobacco smoke
N‘-nitrosonornicotine NNN 0°%-pobG Tobacco smoke
N’-nitrosoanabasine NAB unknown Tobacco smoke
N'-nitrosoanatabine NAT unknown Tobacco smoke

Tabela 5-Nitrosaminas que formam aductos no DNA(64)

Deficiéncias nos sistemas de reparacdo celular, particularmente na via de reparacdo por excisao
de nucleédtidos (NER), dificultam a remocédo de aductos volumosos e promovem & acumulacgéo
de erros genéticos(70,71) , (Fig.14).

28



B. TC-NER

mRNA
l'm 5
5 e
3

[ cPO ors-4PP
Ubiquitin

Figure 2. An overview of the damage recognition step of nucleotide excision repair (NER), (A) Global genome NER
(GG-NER) can search for damage anywhere in the genome throughout the cell cycle. The UV-DDB protein recognizes CPD
or 6-4PP, directly binds to it through its DDB2 subunit, and facilitates efficient recognition of the lesion by the XPC-RAD23B-
CETN2 complex. The DDBI subunit is also a connector protein for ubiquitin ligase CULA, which ubiquitinates DDB2 and
XPC [33]. (B) Transcription-coupled NER (TC-NER) is responsible for accelerated repair of lesions in the template DNA
strand of actively transcribed genes only. The CSB protein and then proteins CSA and UVSSA bind to DNA damage stalled
RNAPIL CSB and CSA associate with CRL ubiquitin ligase and contribute to the ubiquitination of the RNAPII RPB1 subunit
at K1268. This ubiquitination stimulates the association of TFITH with the stalled RNAPI through a transfer mechanism
that also involves UVSSA-K414 ubiquitination [9,35].

Figura 14-Sistema de reparacao por NER(71)

A NER acoplada a transcricdo (TC-NER), (Fig.15), é fundamental na remocéo eficiente de
aductos em genes transcritos, sendo a RNA polimerase Il essencial para o reconhecimento e
inicio da reparacao(72,73).
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Figura 15-a TC-NER remove bloqueios de transcricdo que impedem o funcionamento da
RNA Pol 11(71)

Além disso, a metabolizacdo de carcinogéneos gera intermediarios reativos que intensificam

danos ao DNA e contribuem para a carcinogénese(74—76).

3.4.1 Predisposicao genética

A predisposicao genética para o cancro envolve mutacGes em genes supressores de tumor, como
TP53 e 0 BRCA1/2 (28,77,78), fundamentais para a regulacdo do ciclo celular e para a
reparagcdo do DNA. Mutacdes nos genes BRCAL/2 por exemplo, aumentam o risco de sarcoma
induzido por radiacdo apOs terapia oncoldgica, devido ao seu papel nos mecanismos de
reparacao do DNA(79-82). Individuos com mutacGes no haplétipo TP53 r337h também

apresentam maior risco de cancro ao interagirem com exposi¢ado a radiacao (83)

Polimorfismos de nucleétido Gnico (SNPS) e outras variantes genéticas influenciam a
suscetibilidade ao cancro; variantes em genes como o0 MRPS30-DT e NNJ afetam o risco de
cancro do pulmao, com alguns genétipos modulando esse risco em combinagdo com fatores

como o tabagismo e consumo de alcool (83-90).

A ascendéncia genética também impacta: mutagcbes EFGR no cancro do pulméo sdo mais
comuns em individuos com ascendéncia africana, enquanto mutagdes no gene TP53 prevalecem
mais em latinos(86,91-94), ( Fig.16).
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Fig. 5. Proportion of specific types of 7P53 mutations in esophageal
esquamous cell carcinoma from Latin America (LA), and high
incidence areas in China and Europe (EU). Mutation data from
LA were selected from the RS release of the IARC TP53 database
(June 2003). Figures for China and EU were taken from [84]. The
total number of mutations in primary tumors are 54 for LA, 314 for
China and 144 for EU.

Figura 16-Proporc¢ao de mutacdes especificas no gene TP53 em latinos(95)

No cancro colorretal, pontuacdes de risco poligénico (PRS) calculadas a partir de estudos de
associacao genomica ampla (GWAS), sdo utilizadas como biomarcadores clinicos preditivos,
ajudando a estratificar o risco genético e permitindo intervencbes personalizadas e detecdo
precoce(95-97)

3.5 Mecanismos moleculares

As mutagdes em proto oncogenes, genes supressores de tumor e genes de reparacdo do DNA,
colaboram na carcinogénese caracterizada pela instabilidade gendémica, um aspeto distinto do
cancro. Esta instabilidade, manifestada por uma elevada taxa de mutacdes e aberracdes

cromossomicas, resulta diretamente das mutac6es destes genes, Tabela 6,(31,41,98-100).

Proto oncogenes codificam proteinas que controlam o crescimento e a divisdo celular; quando
mutados, transformam-se em oncogenes, promovendo uma proliferacéo celular descontrolada.
Mutacdes em genes da familia RAS, por exemplo, podem ativar de forma continua vias de

sinalizacdo de crescimento, favorecendo a transformacdo maligna das células (43,101-107)

Genes supressores de tumor, como TP53 e RB1, regulam a diviséo celular e induzem a apoptose.
MutacgOes ou perda de fungé@o nesses genes eliminam pontos de controlo cruciais, permitindo

que células transformadas proliferem sem restri¢do (28,31,108)

Os genes de reparacdo do DNA, incluindo aqueles envolvidos na correcdo de erros de

replicacdo (como MLHA e MSH”), mantém a estabilidade gendémica. Defeitos nesses
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mecanismos de reparacdo levam a acumulagdo de mutaces, intensificando a instabilidade

gendmica e acelerando a progressao do cancro (4,15,109-113)

Gene (synonymd=) P Syndrome Hereditary pattesn Second hit Pathracy® Major heredety fumor types®
Twmes-suppeessor genes
APC Dominant Inactvation of WT allele APC Colon, thyrod, stomach, mlestine
AXIN2 Attenuated polyposis Dominant Inactwation of WT allele APC Colon
COH 1 {E-cadhenn) Famalial ga=inc carcinoma Dominant Inactvation of WT allele APC Stomach
GPC3 Simpson Golabi- Behmel X hinked ? APC Embeycoal
syndrome e
crLo Famalial cylindromatoms Dominant Inactwation of WT allcle APOP Piotrichomas
o112 Heroditary mulbiple Dominant Inactwation ol WT alicle Gu Bare
cxosioses
PTCH Gorlin syndrome Dominant Inactwation of WT allele GLI Skin, medulloblastoma
SUFU Medulloblxstoma Dominant Inactwation of WT allele GLI Skin, medulicblastoma
predizposition
FH Hereditary felomyomatasis Dominant Tnactwation of W1 allcic HIFT Lesomyomas
5048, C, 0 Famulial paragangioma Dominant Inactwation of WT allele HIF1 Paragangliomas,
phecchromacyiomas
VHL Von Hippel-Lindau syndrome Dosminant Inactwvation of WT allcle HIF1 Kidney
ﬁ](pﬁ) Ls-Fraumen syndrome Dominant Inactiation of WT allcle po3 Brexst, sarcoma, adrenal,
beain_..
w1 Famalial Wilms temor Dominant Inactvation of WT allcle ph3 Wilms"
STKITILRED Peutr Jeghers syndrome Dominant Tnactwation of W1 allele PIIK Intestinad, owanan, pancreatic
PTEN Cowden syndrome Dominant Inactvation of WT allcle PaK Hamartoma, ghoma, uterus
TSC1, TsC2 Tuberous sclerons Dominant Inactwation of WT allele PI3K Hamastoma, kidney
COKN2A Famlial maligrant Dominant Inactwation of W1 allele RB Melanoma, pancreas
(pl5ar o] gpar) melanoma
COK4 Famulial malignant Dominant ? RB Melanoma
melanoma
RB1 Hereditary retincbiastoma Dominant Inactwation of WT allele RB Eye
NF1 Newrohibromatests type 1 Dominant Inactwation of WT allele RTK Neurcfibroma
BMPRIA Juvenile polyposis Dominant Inactvation of WT allele SMAD Gastromie=tinal
MENT Multiple endocrine Dominant Inactvation of WT allcle SMAD Parathyrond, petuitasy, islet cell
neoplasa type | carcinosd
SMADM (DPCS Juvenile polypasis Dominant Inactwation of WT allele SMAD Gastroentestinal
BHD Birt Hogg Dube syndrome Dominant Inactwation of WT allcle 7 Renal, haw follicke
HRPT2 Hyperparathyroidesm Dominant Inactwation of WT allele 7 Parathyrosd, jaw Fibroma
Jaw tumor syndrome,
NF2 Newrofdwomatosts type 2 Dominant Inactvation of WT allele ? Memingoma, acoustic nesroma
Stability penes
MUTYH Attenuated polyposis Recessive ? BER Colon
am Ataxe telangiec tasia Recessive 3 CIN Levkemeas, lymphomas, brain
BiM Bicom syndrome Recessive 2 CiN Levkemsas, lymphomas, skin
BRCAI, BRCA? Hereditary breast cancer Dominant Inactwation of WT allele CIN Breast, ovary
FANCA,C, D2, E FG  Fanconi anemm Recessive ? CIN Leskemeas
NES! Nijmegen breakage syndrome  Recessive ? CiN Lymphomas, bram
RECQLA Rothmund Thoms=on syndrome  Recessive ? CiIN Bone, skin
WRN Werner syndrome Recessive ? CIN Bone, bran
WSHZ, MLHI, HNPCC Dominant Inactwation of W1 allcle  MMR Colon, ulenzs
MSHE, PMS2
XPA, C; ERCC2-5; Xeroderma pigmentosum Recessive ? NER Skin
DpB2
Oncogenes
KIT Famelial gastrosniestinal Dominant 2 RTK Gastromntestinal stromal fumors
stromsad tumors
MET Hereditary papellary renal Dominant Mutant allele duplcation RTK Kxdney
cell cecinoms
POGFRA Famelial gastrosniestinal Dominant ? RTK Gastromitestinal stromad tumors
stromsal tumers
RET Multiple endocrine Dominant Mutant allele duplcation RTK Thyroxd, parathyrosd, adrenal
neoplasa type 1l
WT, wild type. genes of a8 the major pathwarys aod cancer types are S=lod. For 3 compite §=1, soc ral. 117, Approved gene symbsls e

*Reprosentative hesodtary peedizposition
peowded for cach ontry, weth itemative sames in parentboses. *In many casas, the gose has bosn implicated In soveral pathwarys. The single pathwary that & tslod for each gene

Topecsents 3 “best guess”

(when one can be mada) and for the rexscns nolnd In e {ex! and In the legend 1o Figese 9, shoald not be

s conclusive. APOP,

pathway; RTK rocopior fyrosine kinase pathway {soe Fig. 1). <in most cazes, e nonfamilial lumor speciram causad by somatic mulaticas of the gone Includes these cccurring in
the familiaf cazes plus additional tlumor ypes. For example, mutations of TP53 and CONNZA are found in many mare fumor types than those lo wiich LI Frasmont and tamilial

maligranl molanoma paticsts, respoctively, are peedisposad.

Tabela 6-Proto-oncogenes, oncogenes(31)
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A instabilidade gendmica é determinante na facilitacdo de eventos oncogeénicos, ( Fig.17), na
heterogeneidade tumoral e na resisténcia terapéutica influenciando o prognostico dos pacientes
(114-119).

N G/

RAS:GTP E-cadherin

Figura 17-Vias de sinalizacdo reguladas por genes(31)

3.6 Prevencao intervencao

Trés estratégias combinadas criam uma abordagem eficaz para prevenir o cancro e melhorar

os resultados: a detecdo precoce, alteragcOes de estilo de vida e as terapias direcionadas.

A detecdo precoce por meio de rastreios como a mamografia e colonoscopia identifica células
anomalas antes de estas se tornarem tumores malignos aumentando as taxas de sobrevivéncia
(120). Mudancas do estilo de vida, como a pratica regular de exercicios, a cessacdo do
tabagismo, dieta equilibrada, e moderacdo no consumo do alcool reduzem a inflamacéo e o
stress oxidativo, fatores que contribuem para carcinogénese (121).

Terapias direcionadas incluindo os anticorpos monoclonais e os Inibidores da tirosina quinase
(ITQ) visam especificamente anomalias moleculares nas células cancerigenas, retardando a

progressdo do tumor e minimizando os danos em tecidos saudaveis (122)
3.7 Carcinogénese e Microambiente tumoral

A carcinogénese e 0 microambiente tumoral-(TME) estdo intimamente interligados pois
as mutacdes geneticas, alteracBes epigeneticas, e desregulacdo celular promovem a
transformacédo progressiva de células normais em ceélulas cancerigenas. Assim, estratégias
eficazes para retardar e prevenir a carcinogénese devem-se focar tanto nos componentes do
TME quanto nas células cancerigenas, dada a interagdo dindmica entre ambos na progressao do

cancro.
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4 Microambiente Tumoral

4.1 Introducéo

O ecossistema(123) complexo e dindmico que rodeia as celulas cancerosas no interior
de um tumor e influencia o seu desenvolvimento e progressdo define-se com microambiente
tumoral (TME).(124-126).

Engloba um conjunto diversificados de componentes celulares que incluem fibroblastos,
células imunitérias (células T, macrofagos), células endoteliais, moléculas da matriz
extracelular-(ECM), moléculas sinalizadoras e vasos sanguineos que interagem com as células
tumorais, fig.17, desempenham um papel fundamental na promocdo ou inibicdo do seu

crescimento bem como na resisténcia a terapéutica.(15,123,127-132).
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Figura 18-Os componentes celulares do TME e a sua complexidade(123)

O crescente reconhecimento do papel do TME no desenvolvimento do cancro tem
redirecionado o foco da pesquisa para as interacfes dinamicas entre tecidos circundantes,
células imunitarias, vasos sanguineos, matriz extracelular (ECM), e moléculas sinalizadoras.
Estas interacGes, mediadas por redes de sinalizacdo complexas, sustentam o crescimento

tumoral e permitem a sua evasao a vigilancia imunitaria.

As principais descobertas historicas incluem a sugestéo de R. Virchow, em 1863, da associagédo

do cancro a inflamagdo(35), e a hipotese da “semente e do solo” de S. Paget, de 1889, (Fig.19),
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gue prop6s que o ambiente de 6rgdos distantes poderia influenciar as metastases.(133) Estes
primeiros estudos langaram as bases para a compreensao da forma como o TME pode apoiar

ou inibir a carcinogénese e a metastase.

Key findings of the 1889 paper by Paget

= The pattern of metastasis is not random

= « Oneremote organ is more prone to be the seat of

—— secondary growth than another

e « In breast cancer. the incidence of metastasis to
the ovanes is higher than to the spleen and
kidneys combined

= Bone metastasis cannot be explained by the
theory of embolism alone

= There is a high incidence of bone metastasis from
thyroid cancer, and some bones have more
metastases than others

Figura 19-Artigo original de Paget 1889 e principais conclusdes(134)

A hipotese da Vigilancia Imunitaria (anos 1950-1960) de Thomas e M. Burnet
introduziu a ideia do papel do sistema imunitario no TME, (Fig.20). Este conceito foi percursor
da compreensdo da imunoevasao e imuno-edi¢cdo do cancro além de abrir caminho para o

desenvolvimento de estratégias de imunoterapia. (127,135)(127)

A hipotese da Angiogénese de Folkman (1971), propds que o crescimento tumoral
depende da formacdo de novos vasos sanguineos (angiogénese) manipulados pelos tumores
para garantirem um suprimento ilimitado de oxigénio e nutrientes, introduzindo a ideia de

explorar o microambiente tumoral (TME) como alvo terapéutico. (21,123).

Em 1986 Dvorak mostrou que os tumores atuam como “feridas que ndo cicatrizam” com
os fibroblastos associados ao cancro (CAFs) e células estromais a contribuirem para o TME

promovendo a Angiogénese e a invasdo tumoral (35,134)
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PROTAGONISTS OF RESEARCH IN TUMOR IMMUNOLOGY

MILESTONES IN IMMUNOTHERAPY OF TUMORS

1984, Basic immunotherapy with iL-2
1988 Adoptive T<ell therapy |ACT)
1996. DRA-vaccnes

1997, Antibody therapy

2012 Dendritic cell vacones

Figure 5: Tome sheet of the precagonists of research in tumor immunolegy and of the milestones in immunotherspy
of tumors,

7177

Figura 20-Milestones in Tumor immunology(136)

Mina Bissel foi pioneira no estudo do Microambiente Tumoral e destacou o papel da
matriz extracelular (ECM) e da arquitetura tecidual na regulacdo bidirecional entre as células.

cancerigenas e 0 TME e como isso influencia o comportamento tumoral (51,137)

Em 2000, D. Hanahan e R. Weinberg identificaram carateristicas chave das células
cancerigenas, incluindo a angiogénese sustentada (formacdo de novos vasos sanguineos) como
fundamental no crescimento tumoral. Evidenciaram também, a interagdo entre tumores e 0

microambiente tumoral (TME) como crucial para a sobrevivéncia do cancro (2,15,16) .

Em 2012, Hanahan e Coussens aprofundaram o papel do TME, destacando a interacdo
entre os tumores e a células do sistema imunitario, identificaram a inflamacg&o crénica e a
supressao imunolégica na progressdo tumoral. Esta investigacdo realgou a complexidade do
sistema imunitario no TME, conduziu a uma compreensdo aprofundada da evasao tumoral a

detecdo imunitaria, e contribuiu para avan¢os na imunoterapia(138), (Fig.20).

Pesquisas subsequentes como as de Quail e Joyce, 2013, (139) e Chen e Mellman, 2017,
(140) reforcaram o TME como pedra angular da biologia do cancro e um alvo para novas
estratégias terapéuticas (15,125,138,140,141)
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Targeting TME and metastasis in children Wessel and Kaplan
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FIGURE 2. Crosstalk between ftumorassociated wvasculature, extracellular matrix, and immune cells in the tumor

Figura 21-Crosstalk in TME (142)

A heterogeneidade do microambiente tumoral refere-se a diversidade estrutural, celular

e molecular que caracteriza o ambiente no qual os tumores se desenvolvem, (Fig.21).

Esta complexidade é influenciada por fatores intrinsecos ao tumor (alteragdes genéticas
e epigenéticas) e extrinsecas como as interacdes entre as células imunolégicas, fibroblastos,

vasos sanguineos e a matriz (ECM)(15).

A heterogeneidade é fundamental para a progressdo tumoral, evasdo imunolégica e a

resposta a terapéutica (139)

Os componentes da heterogeneidade no TME incluem a heterogeneidade celular as

células tumorais apresentam variacdo genética e fenotipica entre diferentes regides do tumor.

As células do sistema imunitario, incluindo os linfocitos T, os macréfagos associados
ao Tumor (TAMS), células dendriticas, neutréfilos e células NK, podem apresentar funcbes
antitumorais ou pro-tumorais, dependendo do contexto metabdlico, imunoldgico e espacial.
(143,144).
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E fatores do microambiente como, a hipOxia, a angiogénese, a imunossupressdo, a
remodelagdo da ECM, alteracfes metabdlicas intracelulares, a plasticidade e o dinamismo, que
contribuem para 0 comportamento adaptativo e heterogéneo do TME,(Fig.21),
(15,139,145,146).

4.2 Heterogeneidade celular
4.2.1 Cancer associated fibroblasts

Os fibroblastos associados ao cancro (CAFs) sdo células estromais ndo cancerosas no
microambiente tumoral (TME).

Tém origem nos fibroblastos residentes, células estaminais mesenquimais, pericitos ou noutras
células progenitoras, (Fig.22), recrutadas para o local do tumor e séo reprogramados por fatores
derivados do tumor(147-150).
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Figura 22-Células progenitoras dos CAFs(150)
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Os fibroblastos sdo células fusiformes, que secretam colagénio. O seu citoplasma é rico em
reticulos endoplasmaticos rugosos. Sintetizam a matriz extracelular dos tecidos conjuntivos e
desempenham um papel fundamental na cicatrizacdo de feridas e no cancro.(151-154). Os
fibroblastos sdo designados de fibroblastos associados ao cancro (CAFs) quando estdo
associados a células estaminais cancerosas (CSC) e facilitam o desenvolvimento do
tumor.(153).

Os CAFs sdo excecionalmente versateis e heterogéneos, podendo adotar diferentes fendtipos

consoante 0s sinais que recebam do tumor ou do TME. (155-158).
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Figura 23-Subtipos de CAFs (150)

Sdo identificados pela expressdo de marcadores, (Fig.23, Tabela 7) como a alfa-actina do
musculo (o SMA), a proteina de ativacao dos fibroblastos-(FAP) e o recetor do fator de
crescimento derivado das plaquetas (PDGFR)(150,154,159)
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VvCAFs

mCAFs

dCAFs
Myofibroblasts,

Inflammatory
fibroblasts,
presenting
CAFs

cD10'/
GPR77' CAFs

CAF-S1

CAF-82
CAF-S3

PDGFRa, Nidogen-2, Desmin, CD31
PDGFRe, Fibulin-1

PDGFRa, SCRG1

a-SMAY™ FAP' CTGF', TNC'
TAGLN'

PDPN, IL-6, a-SMA™™, LIF

PDPN, Saa3, MHC-l gene, CD74

CD10, GPR77, IL-6

a-SMA, PDGFRS,

FAP, FSP1, Collagen 1

FAPYh CcppgMedhioh o gMAHeh
PDPN'8" pDGFR! B

FAPNeS, CD2g' ™ a-SMANesLow,
PDPN"™, PDGFRB- ™

FAPNeatow Cppghed, q-SMANS Lo,

PDPNL™, PDGFRHo Med
FAP'ov M, CD2GM %0, o-SMAM,
PDPN'™*, PDGFREM

Signaling Pathways

PDGF-CC signaling
PDGF-CC signaling
PDGF-CC signaling
(TGF)-B and IL-1/
JAK-STAT signaling
NF- kB signaling

MTORC1 signaling

NF- kB signaling

TGFp-signaing,
CXCL12 signaling

Not Describe

Not Describe

NOTCH signaling

Functions

Immunosuppression
s

Migration, Invasion,

Metastasis

Immunosuppression
Immunosuppression

Proliferation,

Migration,
Chemoresistance
Proliferation, Migration,
Invasion, Metastasis,
Immunosuppression
Not Describe

Not Describe

Proliferation, Migration,
Invasion, Metastasis

Ref

(20)

(36-39)

(35, 40, 41)

(42-45)

Therapeutic Targets
Not Specific Probably Specific

novel targeted drugs
CAR T-cell Galunisertib,
therapy, Losartan,
afAP therapy, Nab-paciitaxel
Oncolytic virus- -
based therapies,
Vitamin D, Vitamin -
A,
DNA vaccine
afAP therapy,
thatl— m '
Galunisertib
Dasatinib

Tabela 7-Marcadores associados aos CAFS e a sua heterogeneidade (160)

Esta versatilidade permite-lhes desempenhar maultiplas funcdes, tais como mediadores

autocrinos e paracrinos que controlam a influencia tréfica nas células cancerigenas através da
estimulacgdo.(123,150,154-156,161) .

Ao produzirem diferentes citocinas e quimiocinas como por exemplo a Interleucina -6 (11-6) e
fatores de crescimento como o Vascular Endothelial Growth Factor (VEGF) e CXCL12,

ativam diferentes vias de sinalizacdo que resultam na orquestracdo de processos como a

proliferacéo e remodelacédo da matriz extracelular (ECM) , imunosupresséo, (Fig. 24), transicdo

epitelial-mesenquimal, resisténcia farmacoldgica e angiogénese, (15,150,154).
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Figura 24-Papel no CAFs nos processos imunoldgicos (150).

Estudos recentes identificam mdaltiplos subtipos de CAF’s, cada um com marcadores

especificos e fungdes distintas, (Tabela ), no microambiente tumoral (TME):

1.CAFs produtores de matriz (mMCAFs): sdo responsaveis pela sintese de matriz extracelular
(ECM), criando barreiras fisicas que impedem a infiltracdo de células T, prejudicando respostas
imunes (162).

2.CAFs imunomodeladores(iCAFS), caraterizados pela expressdo de citocinas e quimiocinas.
Sao fundamentais para o recrutamento e modulacdo de células imunitarias. Contribuem para a

evasdo imunitaria e promovem a carcinogénese associada & inflamac&o (163).

3. CAFs miofibroblasticos (a-SMA positivos), encontrados em cancros agressivos, como
cancros da mama do tipo basal, estdo implicados no aumento do crescimento e invasao do tumor
por meio das vias de sinalizacdo TGF-p (164). Além disso, técnicas emergentes de imagem,
destacam o potencial terapéutico de direcionar CAFs para o tratamento do cancro, como no
caso dos inibidores de FAP (FAPIs) (165,166).
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A heterogeneidade dos CAFS sublinha o seu papel duplo, tanto na promocdo, quanto
ocasionalmente, na inibicdo da progressdo tumoral destacando a importancia de estratégias

terapéuticas especificas para direcionar a sua atividade no TME (156,160).
As principais vias de sinalizacdo envolvidas no funcionamento dos CAFs,( Fig.25), incluem:

A via do Transforming Growth Factor Beta (TGF-p) SMAD dependente, que regula a
ativacdo dos CAFs e esta envolvida na remodelacdo da matriz extracelular ao ativar os
fibroblastos; induz a producdo de metaloproteinas da matriz (MMPS), que degradam
componentes da ECM e aumentam a sua remodelacdo; estimula a transicdo epitelial

mesenquimal (EMT) e influencia a supressao imunoldgica.

E uma das vias mais estudadas devido & sua dualidade em promover ou suprimir tumores
dependendo do contexto tumoral. (167-170). No TME, esta via de sinalizacdo promove ainda,
a fibrose, e acumulo de CAFs; estes efeitos contribuem para o crescimento tumoral, a

angiogénese e as metastases(164,171).

Via PI3BK/AKT/mTOR: essencial para a sobrevivéncia das células cancerigenas e proliferacédo
tumoral. OS CAFs promovem a ativacdo desta via em células tumorais através da secrecao de
fatores de crescimento como o VEGF e 0 PDGF, contribuindo para a angiogénese, remodelacéo

metabolica e resisténcia a apoptose (170).

Via Mitogen-activated Protein Kinase (MAPK)-Ras/Raf/MEK/ERK pathway- E critica para
os processos de proliferacdo, diferenciacdo e migracdo celular. Esta via é frequentemente
ativada em resposta a fatores de crescimento secretados pelos CAFs como o fator de
crescimento epidérmico (EGF), o qual regula a expresséo de genes pré-tumorais. Aberraces
nesta via, como por exemplo mutacfes no RAS raT sacoma G-protein family (30% dos cancros)
ou no RAF-1 Proto-oncogene, serine/treonine Kinase (muta¢bes no BRAF no melanoma)

conduzem a proliferacGes celulares descontroladas e metastizacéo. (172-174).
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CAFs Origin CAFs crosstalk signaling
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Figura 25-Vias de sinalizacdo dos CAFs (175)

A Via JAK/STAT regula o comportamento e a heterogeneidade dos CAFs. Estimulada por
citocinas como a IL-6 e o LIF, a ativacdo da JAK/STAT conduz & diferenciacdo dos CAFs
inflamatdrios (ICAFs) que secretam citocinas pro-inflamatdrias promotoras do crescimento

tumoral e da supressdo imunitaria.

Este processo € contrabalancado pelo Tumoral growth fator-Beta (TGF-B), que inibe os iCAFs
e promove 0os CAFs miofibroblasticos (myCAFs). Adicionalmente os CAFs utilizam a
sinalizacdo JAK/STAT para modular respostas imunitarias, recrutando células T reguladoras
imunossupressoras e polarizando macréfagos associados a tumores (TAMs) para estados pro-
tumorigénicos, o0 que auxilia ainda mais a evasdo imunitaria e a progressao
tumoral.(170,176,177).

A via Wnt/B catenina contribui para a rigidez e arquitetura da ECM, facilitando a migracao e
invasdo das células tumorais. (178-180).
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Via do Nuclear factor kappa -light-chain-enhancer_NF-kB- sustenta a inflamacdo cronica, e
a producdo de citocinas que promovem a proliferacdo de células tumorais, que suprimem a
apoptose e estimulam a angiogénese, favorecendo a sobrevivéncia tumoral e as metastases, bem

como induz a transicao epitélio-mesenquimatosa (EMT) (181-186)

Recentes evidencias indicam que os CAFs modulam diversos mecanismos de regulagdo da
morte celular (RCD),( Fig 26) (186).

Estas vias sdo alvo de muito interesse e investigacdo em terapias inovadoras.
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Fig.2 Core molecular mechanisms of different types of RCD and the potential CAF-derived molecules that regulate RCD. A The extrinsic
pathway (left) is triggered by the activation of death receptors, such as TNFR1, Fas, and the TRAIL receptors DR4 and DR5. This leads to the
formation of DISCs and the activation of caspase 8. The intrinsic pathway (right) is initiated by intracellular signals, such as DNA damage,
cellular stress, and loss of survival signals, resulting in mitochondrial outer membrane permeabilization (MOMP) and subsequent release of
cytochrome ¢ from mitochondria. This triggers the activation of caspase 9. Activated caspase 8 and caspase 9 cleave downstream caspase 3
and caspase 7, which mediate the execution of apoptosis. B Autophagy initiation is mediated by the ULK complex, which eventually activates
the class Il PI3K complex. This complex produces PI3P on autophagic membranes to recruit the autophagy conjugation machinery, which is
subsequently transformed into the autophagosome. The autophagosome then fuses with lysosomes to form autolysosomes. € The central
biochemical and metabolic event in ferroptosis is oxidative damage to cellular membranes resulting from the abnormal accumulation of
lethal lipid peroxidation products within cells. This effect is mainly caused by an imbalance between ferroptosis-driving (left) and ferroptosis-
defense (right) mechanisms. The classic antioxidant network includes the GPX4-GSH system, the FSP1-CoQ10 system, the DHODH-CoQH2
system, and the GCH1-BH4 system. D Pyroptosis is mediated through two main mechanisms: the canonical (left) and noncanonical pathways
(middle). The canonical pyroptosis pathway responds to cell DAMPs and PAMPs, leading to inflammasome formation. Inflammasomes then
recruit proteins to activate caspase-1, which subsequently cleaves GSDMD and promotes IL-1§/IL-18 maturation. In the noncanonical pathway,
caspases-4/5/11 are activated by cytosolic LPS, triggering pyroptosis by cleaving GSDMD. CAFs have been shown to modulate different types
of RCD, including apoptosis, autophagy, ferroptosis, and pyroptosis, mainly through exosomal secretion and paracrine signaling pathways.

Figura 26-Mecanismo de regulacdo da morte celular mediadas por CAFs (186)
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4.2.2 Células imunitarias no microambiente tumoral

O microambiente tumoral (TME) alberga uma variedade de células imunitarias, ( Fig.27-29),

onde se inclui, macréfagos, células T, células dendriticas e células natural killer (NK) cada uma

com caracteristicas e fenotipos Unicos, que desempenham fungdes criticas na modelacdo do

crescimento tumoral na sua progressdo, na resposta imunoldgica, na invasao e na resposta as
terapias (187,188)

Cell type

Function in the TME

References

Immune cells

Adaptive immune cells
CD8* T cells

CD8' T cells are powerful effector cells in the anti-tumor immune response. CD8' T cells can
specifically recognize cancer cells by binding with their T cell receptor (TCR) to MHC-
peptide complexes expressed by cancer cells. Upon TCR engagement, CD8' T cells
destroy target cells through granzyme and perforin-mediated apoptosis or via FASL-FAS-
mediated cell death. In tumors, many different CD8* T cell states can be found. Often,
intratumoral CD8* T cells have a dysfunctional or exhausted phenotype. Immune
checkpoint blockade aims to unleash CD8' T cell responses against cancer.

CD4* helper T cells influence a variety of other immune cells; in particular, they contribute to
effective CD8" T cell responses. In cancer, CD4" T cells play a dual role. In particular, the
Th1 subtype of CD4" T cells exerts anti-tumorigenic functions by providing help to anti-
tumor cytotoxic CD8' cells and B cells and by direct killing of cancer cells via the production
of interferon y (IFNy) and TNF-a. On the other hand, the Th2 subtype secretes anti-
inflammatory mediators that exert pro-tumoral functions. There is growing evidence that
CD4' T cells may play important roles in efficacy of immune checkpoint blockade (ICB).
Regulatory T cells (Tregs) are a highly immunosuppressive subset of CD4" T cells and
function as gatekeepers of immune homeostasis. Tregs can be subdivided into thymic-
derived and peripherally induced Tregs. In cancer, Tregs suppress effective anti-tumor
immunity through different mechanisms. Their exact effector program is dependent on
context-dependent cues. Treg-targeted cancer therapies are under investigation but are
challenging given the key role of Tregs in preventing autoimmunity.

B lymphocytes are key mediators of humoral immunity. In cancer, B cells can exert
anti-tumor effects through antibody-dependent cell cytotoxicity and complement activation.
B cells can reside in intratumoral tertiary lymphoid structures (TLSs), where they contribute to
T cell activation via antigen presentation. B cells can also support tumor growth by promoting
inflammation and immunosuppression via secretion of anti-inflammatory and pro-angiogenic
mediators, via immune-complexes, and via complement activation. A subpopulation of
immunosuppressive B cells, Bregs, are involved in immunological tolerance.

Figura 27-Celulas imunitarias adaptativas (123)
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Mast cells

i

Dty

Eosinophils

Myeloid-derived
suppressor celis

Tumor-associated macrophages (TAMs) represent a highly plastic immune cell population

with both pro- and anti-tumorigenic functions. TAMs comprise multiple subsets that arise

from different origins (yolk sac-derived tissue-resident macrophages or bone mamrow-derived
infiltrating macrophages). Moreover, multiple TAM subsets co-exist in tumors. Pro-tumorigenic
functions of TAMs include promoting angiogenesis, immunosuppression, metastasis formation,
and therapy resistance, while TAMs can also counteract cancer progression by direct
phagocytosis of cancer cells or activation of anti-tumor immune responses.

Neutrophils are the most abundant immune cells in blood. Besides their recruitment to
primary tumors, neutrophils frequently accumulate in blood and distant organs of
tumor-bearing hosts. Depending on cues from the TME and their maturation status,
neutrophils can exert anti- or pro-tumorigenic functions. Their systemic accumuiation
contributes to immunosuppression and extracellular matrix (ECM) remodeling in distant
organs, which promote (pre)metastatic niche formation. Neutrophil diversity and plasticity

in cancer is a topic of intense investigation.

Monocytes circulate in the bloodstream and migrate into tissues where they differentiate
into macrophages and dendritic cells (DCs). Several subtypes of monocytes exist, including
classical, non-classical, and intermediate monocytes. Recent single-cell RNA sequencing
studies demonstrated additional monocyte subpopulations. In cancer, monocytes exert
pro- and anti-tumoral functions. Monocytes can produce tumoricidal mediators and
stimulate natural killer (NK) cells. However, in the TME, they contribute to

Moreover, they differentiate into tumor-supporting TAMs.

DCs are a diverse group of antigen-presenting cells critical for initiating and regulating
adaptive immune responses. By integrating information from the TME and relaying it to
other immune cells, most notably T cells, DCs have the potential to shape anti-tumor immunity.
However, tumors, in turn, employ a variety of strategies to limit and manipulate DC activity to
evade immune control. Hamessing the power of DCs to improve immunotherapy response
and the development of DC-based vaccines is an active field of cancer research.

Mast cells are granulocytes that mediate host defense and maintenance of homeostasis by swiftly
degranulating histamines, cytokines, and chemokines. They are well known for their role in
allergies and autoimmunity, but they can also infiltrate tumors. Mast cells exert both pro- and
anti-tumorigenic activities depending on the microenvironmental stimuli. They can directly target
tumor cells, but they mainly regulate the recruitment and activity of other immune populations
and the endothelium.

Eosinophils are known for their role in allergic diseases and parasite infections. More recently, their
function in the TME is becoming apparent. Eosinophils have the capacity to directly kill tumor cells
via the release of cytotoxic molecules, but eosinophils can also modulate the tumor vasculature
and regulate the immune composition of the TME, and as such, they can have both pro- and
anti-tumorigenic functions depending on the activation signals they receive. In addition, there is
a growing interest in the role of eosinophils in promoting immunotherapy response.
Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of myeloid

cells, consisting of (immature) monocytic and neutrophilic cells with potent
immunosuppressive capacities. These cells expand in patients with cancer and

mouse cancer tumor models, and their presence in the TME is associated with

poor clinical outcome. MDSCs suppress T cells, NK cells, B cells, and DCs via

paracrine and cell-cell contact mechanisms.

Platelets, aiso named thrombocytes, are fragments of cytoplasm derived from megakaryocytes
in the bone marrow. Platelets lack a nucleus, are abundant in blood, and are essential for blood
clotting. Platelets promote tumor progression and metastasis through a range of different
mechanisms. They bind to circulating tumor cells (CTCs), promoting CTC survival by shielding them
from physical stress and immune attack. Platelets also release pro- and anti-angiogenic mediators,
and they bind to endothelial cells, through which they modulate angiogenesis and vascular
integrity. Platelets contribute to tumor-associated inflammation and immune evasion by

activating myeloid cells.

Guc and
Pollard,™
DeNardo
and Ruffell®”

Olingy et al.™**

Gerhard et al., "™
Weculek et al.**

Majorini et al. ™™

Grisaru-Talet al.,’
Blomberg et al.**

Veglia et al.'™

Braun et al. ™

46



Figura 28-Linhagem mieloide (123).

Immune cefls at the interface of adaptive and innate immunity

NK cells NK cells are cytotoxic innate lymphoid cells. They recognize and kill stressed cells that lack Chan and
MHC class 1 expression. Circulating and intratumoral NK cell levels are predictive for improved Ewald™"
survival in patients with cancer. NK cells have potent anti-cancer abilities; however, progressing
tumors evade elimination by NK cells via several mechanisms, such as the upregulation of inhibitory
receptors that diminish NK cell cytotoxicity and the mobilization of immunosuppressive myeloid

celis and Tregs. There is a growing interest in utilizing NK cells in the next generation of

immunotherapeutic modalities either by engaging endogenous NK cells or by NK

cell-based cellular therapies.
Invariant NK Invariant NK T (iNKT) cells are CD1d-restricted lipid-specific T lymphocytes that bridge innate Fujii and
T cells and adaptive immunity and can mediate a plethora of immune functions depending on tissue Shimizu™'
distribution. In several experimental models, INKT cells exert cancer immunosurveillance
through direct tumor cell killing or by orchestrating the activity of both pro- or anti-tumorigenic
immune cells. Cancer-associated immunosuppression can skew iINKT cell activity

toward more regulatory functions.
Gamma delta (y8) T cells form an unconventional T cell population expressing y5 TCRs, Silva-Santos
but not zff TCRs, that recognize target antigens in an MHC-independent manner. Depending et al **

on the subset, y5 T cells exert effector or regulatory functions. In cancer, yé T cells may
S promote disease progression by suppressing anti-tumor immune responses via the production
" ( ! of cytokines, including IL-17. Anti-tumor immunity can also be induced by y5 T cells via
N direct cytotoxicity mediated by TCR- or NK-receptor interactions or production of

effector molecules.

Innate-like Innate-like lymphocytes (ILCs) are a highly diverse group of immune cells that reside in tissues Bruchard and

lymphocytes and that function at the intersection of adaptive and innate immunity. Besides NK cells, ILCs Ghiringhelli***
include ILC1s, ILC2s, and ILC3s. ILCs lack antigen-specific receptors and exert their
immunoregulatory functions through secretion of a diverse array of cytokines and other
inflammatory mediators. In cancer, ILCs play opposing roles. Depending on the tumor types and
on cues from the TME, a different compaosition and activation phenotype of ILC subsets can be
found in human tumors. Our understanding of the roles of the different ILCs subtypes in
cancer is still very limited.

Figura 29-Células imunitarias da interface da imunidade inata e adaptativa (123)

As citocinas e fatores de crescimento libertadas pelas células tumorais e estromais do TME,
como a II-10, o TGF-p e o VEGF tém um impacto profundo na diferenciacdo das células
imunitarias, influenciando e direcionado a expressao das caracteristicas fenotipicas (Fig, 30),
gue suportam o crescimento e a evasdo imunitaria em vez da atividade antitumoral e que levam

0s macrofagos, células T e células dendriticas a estados imunossupressores. (189-191).
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FIGURE 1

Chemokine network between immune cells and cancer cells. Chemokine receptors (CCR or CXCR) and their ligands (CCL or CXCL) are expressed on
cancer cells and a vanety of immune cells including natural killer (NK) cells, dendnitic cells (DC), macrophages (M), and T cells. The same chemokine can
exhibit either anti-tumorigenic or pro-tumorigenic properties depending on the specific cell type it interacts with. For instance, macrophages display anti-
tumorigenic characteristics when polarized to M1 and pro-tumorigenic attributes when polarized to M2. NK cells and CD8+ T cells contnbute to cancer cell
elimination through cytotoxic actions, representing pivotal players in the immune response against tumors. On the other hand, PD-1/PD-L1 interactions
occurring between cancer cells and T cells serve to suppress T cell activity, contributing to immune evasion. Additionally, regulatory T {Treg) cells, tumor-
assodiated dendrnitic cells {TADC), and M2 macrophages collectively contribute to the establishment of an immunosuppressive environment within the tumor
microenvironment. These intricacies highlight the complex interplay between various immune cell types and the tumor cells in shaping the dynamics of
cancer progression and response to immunotherapy. Created with BioRender.com

Figura 30-As citocinas e as vias de sinaliza¢éo (191)

As células imunitérias desempenham um papel multifacetado e dindmico no TME onde podem
inibir ou apoiar o crescimento do tumor dependendo do seu subtipo e estado funcional
(143,160,192).

Macrdéfagos

Os macrdfagos tém um papel fundamental na imunidade inata e adaptativa caracterizando-se
pela sua heterogeneidade fenotipica e funcional. Estas células derivadas da linhagem
mononuclear fagocitica, participam da inflamac&o, da imunidade sistémica e tecidular, realizam
a fagocitose, participam da apresentacdo de antigénios, defesa antimicrobiana e secre¢do de

citocinas componentes do complemento (193-195).

Os macrofagos associados a tumores (TAMS), sdo um subtipo especializado, (Fig.31), recrutado
para 0 TME. S8o provenientes dos mondcitos circulantes; Os TAMs diferenciam-se em
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macrofagos no tecido tumoral, e sdo moldados por citocinas e sinais locais. Ao contrario dos
macrofagos tipicos que respondem principalmente a agentes patogénicos e a lesdes, os TAMs
sdo frequentemente “reprogramados “pelo TME, para apoiar o crescimento do tumor, a

angiogeénese e a imunossupressao (196-199)

Blood Splean Bono Marrow

petoriy

Figure 2. Monocyte recruitment and TAM polarization during tumor development and therapy. Monocytes from different
compartments (bone marrow, blood, spleen) are directed to the tumor microenvironment (TME) via secreted factors and
exosomes. Here, they differentiate into TAMs of different subtypes (M1/M2). Therapies leading to the repolarization of M2
TAMs into M1 TAMs or monocytles are promising strategies for tumor destruction.

Figura 31-Recrutamento e diferenciagdo dos TAM (199)

Os TAMs exibem plasticidade funcional, (Fig.32), frequentemente expressando o fenétipo do
Tipo M2 que esta associado a reparacdo tecidual, cicatrizacdo e funcBes anti-inflamatorias
(200). Nos tumores, este perfil M2 promove a remodelagdo da ECM e suprime a imunidade

antitumoral, criando um ambiente imunossupressor, que favorece a evaséo tumoral (201).

Em contrapartida, os macréfagos M1, que tém caracteristicas pro-inflamatoria e anti tumorais
sdo raros em muitos tumores, devido a influencia do TME, que suprime a sua diferenciacdo e

promove a polarizacao para o tipo M2.
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Figura 32-Os subtipos de TAMs e a sua plasticidade funcional (199)
A presenca predominante de TAMSs do tipo M2 esta associada a piores prognosticos clinicos,
uma vez que que estes contribuem para: a angiogénese; as metastases; a sobrevivéncia das

células-tronco cancerigenas; e supressdo da atividade das células T, (Fig. 33), (194,199-203)

TRENDS in kmmunclogy
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ammwammmmﬁmdrmuu ion, tumor cell and is. (d) Immun
sunoression can occur throuah soluble or cell surface mediators. and mav be indirect such a< the i of T celis. (e} ic cell i ion o

Figura 33-TAMs sdo reguladores no TME (203)
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Celulas T

Os linfacitos T, sdo um subconjunto de glébulos brancos envolvidos na imunidade adaptativa.
Tem origem na medula 6ssea e amadurecem no timo. Sao caracterizadas pelo seu recetor de
células T(TCR), Fig. 34, que reconhece antigénios especificos apresentados por moléculas do
complexo principal de histocompatibilidade (MHC). Este reconhecimento é fundamental para
0 seu papel nas respostas imunitéarias, incluindo a destruicéo de células infetadas ou cancerosas

e a regulacdo de outras células imunitarias. (204—-208).

Os principais subconjuntos incluem as células T citotoxicas (CD8+), que matam as células alvo,

e as células CD4+, que coordenam as respostas imunitarias (204)
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Figura 34-Mecanismo regulador do desenvolvimento dos timacitos (204)

As células T CD8+ citotdxicas sdo fundamentais para a imunidade antitumoral. Reconhecem
0s antigénios tumorais apresentados pelas moléculas MHC de classe | e, ap6s ativagdo, podem
matar diretamente as células tumorais através da libertacéo de perforinas e granzinas (204).

No TME as células T CD8+ tornam-se disfuncionais ou “exaustas” devido a exposi¢do cronica
aantigénios, a niveis elevados de sinalizacao inibitdria e & deplecéo de nutrientes. Esta exaustdo
€ marcada por recetores inibitorios regulados positivamente como por exemplo o PD-1, CTLA-
4 (209-213).

51



Células T Helper (CD4+)

As células T CD4+ séo fundamentais na imunidade adaptativa e tém diferentes papeis no TME,
dependendo do seu fenotipo. Regulam a resposta imunitaria no microambiente tumoral (TME),
apoiando as células T citotoxicas através da libertacdo de citocinas que recrutam outras células
imunitarias (214,215)

Exibem plasticidade dentro do TME, diferenciando-se em varios subgrupos (Th1, Th2, Th17,
Tregs), cujo fenotipo € moldado por citocinas derivadas do tumor, restrices metabdlicas e
hipdxia (216)

As células Thl apoiam a imunidade antitumoral ao produzir citocinas como IFNy, que aumenta
a atividade das células TCD8+ e dos macrofagos (214,215)

As células Th2, Fig 35, contribuem para um TME imunossupressor atraves da producdo de
citocinas como a IL-4; 1I-5, 1I-13. Estas citocinas promovem a polarizacdo dos TAMs para 0
fendtipo M2. As respostas Th2 inibem a atividade citotdxica eficaz mediada pelas Thi,
facilitando a evasdo imunitéaria do tumor. a sua presenca esta associada mau progndstico em

cancros mama e colorretal (217-220)

Th2 cells’ role on tumor biology

Protective effects Detrimental effects

- Reduced inflammatory tissue Restriction of protective Thl
damage cells-mediated immune

- Eosinophils and CO8+ T cells- responses

mediated cytotoxicity - Cytokines-mediated tumor

- Arginine consumption, cells proliferation and

after M2 polarization, leading epitefial-mesenchymal

to metabolic restriction of transition

tumor cells

Th2 celis-mediated immunity can be both detrimental or host protective, dependindg on the
circumstances: Depending on tumor metabolism, site of tumor development and tumor cells
oytokine's receptar expression, Th2 cells can have a dichotomic robe on tumor biology, promoting of
restraining antitumar imemanity.

Figura 35-Papel funcional dos Th2 (219)

Os Tregs, identificadas pela expressao do fator de transcricdo FoxP3, desempenham um papel
imunossupressor crucial no TME. Suprimem a atividade das células T efetoras por meio de
mecanismos como a secre¢do de IL-10 e TGF-B (221). As quimiocinas derivadas do tumor,
como a CCL22, recrutam Tregs para o TME, aumentando a sua concentragdo local,

amplificando a sua capacidade imunossupressora. (217,218,220).
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As adaptacOes metabdlicas caracteristicas do TME, como a absorcéo de lipidos, permitem a
sobrevivéncia e funcionalidade das Tregs no TME, mesmo sob condi¢Ges de restricdo

nutricional, garantindo a sua eficacia imunossupressora (220)
Células Dendriticas

As células dendriticas (DCS) no TME apresentam fendtipos e estados funcionais distintos

influenciados pelo meio imunossupressor do tumor (222)

As DCS convencionais (cDCS), incluindo os subconjuntos cDC1s e cDC2, sdo cruciais para a
apresentacdo de antigénios e ativacao das células T, com cDC1s especializadas na apresentacdo

cruzada para células T CD8+ e associadas a melhores resultados imunoterapéuticos (222)
As cDC2s atuam principalmente na modulagéo de respostas de células T CD4+.

Ja as DCS plasmocitoides (pDCs), conhecidas pela secrecdo de interferdo tipo I, sdo altamente
plasticas, podendo induzir imunidade antitumoral ou, sob influéncia de citocinas como o TGF-
B e o TNF-a, adotar um perfil de tolerancia, promovendo a expansdo de Tregs. A interacao
entre DCs, células tumorais e infiltrados imunes, limita a sua maturacdo e favorece a evasao

imunoldgica tumoral.

Existe investigacdo em curso para estratégias terapéuticas baseadas na reprogramacéo funcional
das DCs. (222-224).

4.2.3 Células endoteliais

As células endoteliais desempenham um papel essencial na angiogénese tumoral, induzidas por
fatores como o fator de crescimento endotelial vascular (VEGF) secretados por células tumorais
no TME e responsavel pela promocéo da formacéo de novos vasos sanguineos. Estas células
apresentam um metabolismo e expressdo genética alteradas(225).

Esta angiogénese patologica ocorre em condicOes persistentes e desreguladas, como no cancro,
na inflamacédo crénica e na retinopatia diabética, em que o excesso de sinais pro-angiogénicos

ultrapassa os mecanismos reguladores.

Este processo gera uma vasculatura anomala, com células disfuncionais, organizagéo
desordenada, permeabilidade elevada, facilitando a progressédo tumoral, metastases e evasdo
imunitaria(226,227). A falta de juncdes estreitas entre as celulas endoteliais poténcia a troca de
varios fatores de crescimento, citocinas e metabolitos que apoiam a sobrevivéncia e o

crescimento do tumor, tornando-as também responsaveis pelo ambiente imunossupressor (225)
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O TME estimula a angiogénese ativando células como os CAFs a segregarem VEGF e o fator
de crescimento dos fibroblastos (FGF)(147,167,228), TAMs do tipo M2, a segregarem altos
niveis de VEGF, FGF e metaloproteinas de matriz (MMPS), que degradam a matriz
extracelular, facilitando a migracdo de células endoteliais e a formacdo de vasos sanguineos
(229)

Outras células imunitarias como as células Tregs secretam citocinas angiogénicas e modelam

a resposta imunitaria facilitando ainda mais a angiogénese tumoral(230) .

A hipoxia e o fator induzido pela hipoxia (HIFs)- em especial o0 HIF-a amplificam o

desequilibrio pré-angiogeénico, criando um ciclo continuo de formac&o vascular aberrante (15)

Este processo contrasta com a angiogénese fisiolégica, que conta com suporte maduro de

pericitos, o que resulta em vasos estaveis e funcionais (231)

Terapias que visam 0 VEGF ou a angiogénese tentam normalizar a vasculatura para melhorar
a administracdo de farmacos e reduzir o potencial metastatico dos tumores, contudo encontram

resisténcias devido a mecanismos compensatorios no TME (231,232)
Pericitos

Os pericitos sao células perivasculares (células musculares lisas murais ou vasculares) com um

ndcleo proeminente e pequeno conteido de citoplasma, envolvem os capilares sanguineos.

Comunicam com as células endoteliais diretamente através da membrana basal e estdo sujeitos

a sinalizacdo paracrina reciproca. Sdo assim interdependentes das células endoteliais.
Defeitos nas células endoteliais ou nos pericitos afetam o sistema vascular.

Sao responsaveis pela estabilizacdo e regulacdo homeostatica dos vasos sanguineos maduros e

facilitam a maturacdo dos vasos neoformados.

Nos tumores, 0s pericitos sdo menos abundantes e mais frouxamente ligados aos vasos
sanguineos do que nos tecidos normais, ainda assim, auxiliam a integridade e funcionamento

da vasculatura tumoral (231,232)
4.3 Componentes néo celulares do Microambiente Tumoral

4.3.1 A matriz extracelular

A matriz extracelular (ECM) é uma rede complexa e dindmica de proteinas, glicoproteinas,

proteoglicanos e polissacaridos que fornece apoio estrutural e bioguimico as células
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circundantes. E essencial para regular o comportamento celular, a organizagio dos tecidos e a

transducéo de sinais.

No TME a matriz extracelular (ECM) é constituida e enriquecida com moléculas estruturais e
de sinalizacdo especificas tais como colagenios, fibronectinas, lamininas, proteoglicanos e
glucosaminas (GAGs,), Tenascin-C, Metaloproteinas da matriz (MMPS), fatores de
crescimento e citocinas, que criam um ambiente propicio e dindmico ao crescimento, invasao e
metastase do tumor.(233-235)

Os colagénios (tipos I, 11 e 1V) sdo abundantes no TME. O colagénio tipo | aumenta a rigidez
da ECM e facilita a invasdo tumoral enquanto o tipo IV apoia a adesdo e migracdo celular. A
Fibronectina, altamente expressa no TME, promove a adesdo, migracéo e sobrevivéncia celular
ao interagir com integrinas. Lamininas aumentam a adesdo e a metastase, enquanto
proteoglicanos e glicosaminoglicanos (por exemplo, acido hialurénico, sulfato de heparano)
hidratam a ECM e armazenam fatores de crescimento que impulsionam a progressao tumoral.
A tenascina-C favorece a adesdo, a migracdo e a modulacdo imunitaria. As Metaloproteinas
(MMPS) degradam a ECM, promovendo a invasao e libertando fatores que estimulam o
crescimento e a angiogénese. Fatores de crescimento como o TGF- ¢ o VEGF induzem a

angiogénese e a supressdo imunitaria (236).

Ao conjunto completo de proteinas da matriz extracelular, incluindo os principais componentes
da ECM (colageénios, elastinas), proteinas associadas, glicoproteinas adesivas (lamininas,
fibronectinas), proteoglicanos moléculas de sinalizacdo, enzimas reguladoras, denomina-se
matrissoma. Este mantém a integridade estrutural da ECM e modula processos celulares como
a migracao, adesédo e diferenciagéo (237,238)

No TME, o matrissoma interage dinamicamente com as células cancerigenas, as células
estromais, onde se incluem os fibroblastos, células imunitarias e células endoteliais. Esta

interacdo tem impacto na progressdo do tumor, nas metastases e na resposta as terapias

nomeadamente desempenhando 4 principais funcdes,( Fig.36):

-Suporte estrutural e funcdo de barreira- 0 matrissoma constitui o suporte fisico para as
células tumorais, permite ou restringe o seu movimento, a sua rigidez ou degradacéo facilita ou

inibe a invasao do cancro;(239,240)

-Modulacéo das vias de sinalizac@o- os componentes do matrissoma, como as fibronectinas e

as lamininas interagem com o0s recetores (como as integrinas) das células cancerigenas e
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estromais ativando vias que regulam a proliferagdo, sobrevivéncia, migracdo de células e

auxiliam ao crescimento tumoral (241,242)

-Modulacdo imunitaria- certas proteinas do matrissoma atraem ou repelem células

imunitarias, o que pode reforcar ou suprimir a resposta imunitaria contra o tumor.

Angiogénese: os elementos do matrissoma regulam a formacdo de novos vasos sanguineos
através da ligacdo de fatores de crescimento que promovem ou inibem a angiogénese,

fornecendo ao tumor os seus nutrientes (180,233,237,243)
As principais caracteristicas diferenciadoras da ECM alterada observada no TME séo:

Aumento da rigidez e da densidade — A ECM no TME é mais densa e rigida devido &
deposicdo e reticulacdo anormal de colagénio. Esta ECM rigida promove a proliferacéo e
invasdo das células tumorais através do reforco das vias de sinalizacdo mecéanicas
(34,233,244,245) ;
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Figure 1. Influences of ECM on the halimarks of cancer.
From tumor initiation to metastasis, the ECM influences each of the classically defined and emerging halilmarks of cancer as first described by Hanahan and Weinberg in 2000
and amended in 2011. ECM molecules bind to cell surface receptors, which activates intracellular sig hways. ECM adh ed signals through ERK and PI3X

promote self-sufficient growth [22]. FAX i hibits growth supp P15 and p21 and limits the induction of apoptosis through p53 [42]. ECM components and

biophysical propesties promote EMT induction and enhance pro-migratory pathways, particularty TGF-f§ and RhoA/Rac signaling [96]. ECM stiffness also enhances

angiogenesis and increases VEGH signaling in endothelial cells [78]. At each phase of tumorigenesis, the ECM adapts to reinforce the prog of the di g
promotion of the hallmarks

Figura 36-Influencia da ECM nas Hallmarks of cancer (34)
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-Composicdo alterada: - A ECM-TME tem uma maior abundéncia de determinadas proteinas
(colagénios (I, I, 111, 1V) fibronectinas e proteoglicanos especificos, que interagem com as

células cancerigenas e promovem fenotipos agressivos(233,246,247).

-Remodelacédo reforcada da ECM-A remodelagéo reforcada da ECM ocorre quando as
células tumorais e estromais, como as CAF, libertam niveis elevados de metaloproteinas da

matriz, levando a uma degradacao excessiva da matriz.

Este processo promove a migracao e a invasdo das células cancerigenas através da ativacdo de
vias de sinalizacdo. A remodelacdo da ECM provocada por enzimas proteoliticas como as
MMPs e as serino-protéases, permite a adaptacdo dos tecidos, a reparacdo e a migracao celular.
No TME, a remodelacdo acelera para apoiar o crescimento e a metastase do tumor, facilitando
a comunicacdo intercelular e libertando moléculas bioativas que estimulam a sinalizacao

celular, a angiogénese e a inflamagéo, (Fig.37).

As integrinas e os recetores como 0 CD44 promovem ainda mais as interagdes célula-ECM,

reforcando a progressdo do cancro (248,249)

Primary Angiogenesis Motility/invasion | Intravasation Survival in Vascular arrest Extravasation Colonization
tumor growth vasculature
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Figure 3. Influences of ECM on the metastatic cascade.

Tumor cell dissemination and establishment of metastatic lesions are controlled by several stringent processes that include induction of an invasive phenotype,
migration through the tissue parenchyma, intravasation into the bloodstream, survival in the circulation, followed by extravasation and growth and survival at a secondary
organ site. Adhesion to the ECM regulates each of these stages of tumor metastasis.

Figura 37-Influencia da ECM na cascada proliferativa (249)
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Sinalizacdo pro-tumorigénica- A ECM liga-se a fatores de crescimento, citocinas e outras
moléculas de sinalizagdo de forma a ativar vias que apoiam o crescimento do tumor, a

angiogenese e a evasdo imunitaria.

Modulacéo imunitaria- A matriz do TME pode atuar como barreira fisica e bioquimica que
restringe a infiltracdo das células imunitarias e suporta um ambiente imunossupressor atraves

da secrecdo de componentes da matriz que inibem as células imunitarias, (Fig.38).
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Figure 4 | Aberrant extracellular matrix remodelling leads to h di A ] Over-degradation of

the extracellular matrix (ECM), mediated primarily by matrix metalloproteinazes (MMPs) and ADAMTS (ADAMz with
thrombozpondin motif), results in ostecarthritiz and incressed breakdown of the connective tizzue. B | Az a rezult of
chronic inflammation or tizsue injury, transforming growth factor-B (TGFB:, connective tizzue growth factor (CTGF),
interleukin-13 (IL-13) and other factors stimulate fibroblasts and myofibroblastz (the main ECM producers) to produce
more ECM, resulting in pathologicel fibrosis. The excess ECM further stimulates fibroblasts to continue making ECM,
forming & positive feedback loop. Fibroziz iz a major risk factor for developing cancer including hepatocellular
carcinoma and breeast cancer. C | The ECM contributes to cancer pathogenesiz by several mechanizma: functioning az e
barrierto chemotherapy, to monoclionsal antibodies such ez cetuximab and to immune therapy mediated, for example,
by cytotoxic T cells (CTLz) (part Ca); forming migration track ‘highways' that regulate the interaction of immune

cellz with cancer cellz (part Cb); stimulating integrin signelling through increazed ECM stiffness, which promotesz
ECM synthesis, invasion and proliferation {lysyl oxidaze (LOX) and LOX-like 2 (LOXL2) are enzymes that crozslink
collagen and are the main #nzymes rezponsible forincreazing ECM stiffnezs) (part Cc); forming & niche for new
metastatio cells and providing survival and proliferstive signals {part Cd); generating novel bioactive ECM fragments
from native ECM cheinz, and stimulating cell migration orimmune cell recruitment (part Cel; activeting cell-ECM
receptors such as dizcoidin domain-containing receptor 1 {DDR1) and DDR2, which bind directly to collagen and
regulate tranzcriptional pathweys to increaze MMP and epithelial-mesenchymal tranzition (EMT) marker exprezsion
(part Cf); and sequestering growth factors that can be releszed by proteclytic cleavage, which then diffuse to bind
receptors to stimulate cell growth, EMT or angiogenesiz [part Cg).

Figura 38-A ECM aberrante influéncia enumeras doencgas (249)
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4.3.2 Citocinas, fatores de crescimento e quimiocinas

As citocinas desempenham papeis centrais na progressao tumoral, modulando, diferentes etapas

do desenvolvimento do cancro.

No TME, influenciam a resposta imune, Fig.39, de forma dual podendo promover a progressao

do tumor ou a sua supressao por de vias de sinalizagdo complexas.

As citocinas pro-inflamatérias como o interferdo-gama (IFNy) e o fator de necrose tumoral-
(TNFa) favorecem a atividade das células TCD8+ e potencializam as respostas anti tumorais,
ao modificar o TME aumentando a infiltracdo e ativacdo de células imunitéarias(250).
Inversamente, citocinas imunossupressoras como a interleucina-10(IL-10) e o fator de
crescimento transformador-f (TGF-B) criam um ambiente imunossupressor ao recrutar células
T reguladoras (Tregs) e células supressoras derivadas das mieloides, facilitando a evasdo
imunitaria por parte das células cancerigenas. Este papel paradoxal depende do tipo de citocina,
da concentragéo e do contexto do TME.(251,252)

Enumera-se seguidamente as citocinas mais impactantes nas diferentes etapas da

carcinogénese:
Iniciacdo
A IL-1B, produzida por CAFs, TAMs, mondcitos, DCs, entre outras, promove a inflamagéo e

0s danos nos tecidos, enquanto o TNFa, secretado por TILs e CAFs, induz a apoptose e a

inflamacéo, contribuindo para a iniciacdo do tumor.(252)
Elongacao

A IL-6, produzida por CAFs e células supressoras derivadas de mieloides, entre outras,
promove o crescimento tumoral e a angiogénese, estimulando a proliferacdo de células

cancerigenas e endoteliais (252)

O TGF-B, secretado pelas células cancerigenas e estromais entre outras, promove a transicéo
epitelial-mesenquimal, a imunossupressao e a remodelacdo dos tecidos, apoiando o crescimento

e a invasédo do tumor (252)
Progressao:

A IL-8, produzida por células cancerigenas e estromais, células vasculares, entre outras, atrai

células imunitarias e promove a angiogénese, auxiliando o crescimento e a invasdo do tumor.
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O GM-CSF, secretado por células cancerigenas e mieloides, estimula a proliferagdo de células

mieloides, promovendo o crescimento do tumor e a supressao imunitaria.(252)

Metastizacao:
O SDF-1, produzido por células cancerigenas e estromais, atrai células cancerigenas circulantes
para o nicho metastatico. A CXCL12, secretada pelas células do estroma, orienta as células

cancerigenas para 6rgéaos distantes, promovendo o crescimento metastatico.(253)
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Figure 2. Reciprocal crosstalk and immunoregulation between immune cells, adipocytes, and fibrob-
lasts. DC: dendritic cell; IEN: interferon; IL: interleukin; M: macrophage; N: neutrophil; NK: natural
killer cell; Th: T-helper cell; Treg: regulatory T cell; y8T: gamma delta T cells; Th17: T-helper cell 17;

A: adipocyte; F: fibroblast.
Figura 39-As citocinas e a Imunorregulacéo (252)

Fatores de crescimento

Os fatores de crescimento como VEGF, EGF e FGF sdo secretados pelas células estromais e
pelas células tumorais facilitando a proliferacdo celular, a angiogénese e a migracao.

As células estromais, incluindo fibroblastos e as células imunitarias, interagem estreitamente

com as células tumorais, produzindo fatores de crescimento que promovem o crescimento do

tumor e aumentam o potencial metastatico, formando um nicho de apoio ao cancro (15,254)

O VEFG desempenha um papel importante na angiogénese, € sobre expresso nos cancros, leva
aum aumento da permeabilidade vascular e a ativagdo das células endoteliais que sdo essenciais

a angiogénese, 0 que permite que os tumores ultrapassem as condic¢Ges de hipoxia e mantenham
um crescimento rapido (255)

60



Quimiocinas

As quimiocinas e as citocinas trabalham sinergeticamente no TME, Fig.39-40, enquanto as
citocinas regulam amplamente as respostas imunitarias, as quimiocinas fornecem pistas
espaciais que orquestram onde e como as celulas imunitarias se envolvem no TME. Exemplo
disto sdo 0 CCL2 o CXCL12 que recrutam mondcitos e células supressoras derivadas dos
mieloides promovendo um ambiente imunossupressor que ajuda o crescimento do tumor,
(Fig.40) (256,257).

Os ligandos CXCL9 e o0 CXCL10 ajudam a direcionar as células T efetoras para o tumor,
promovendo a imunidade antitumoral especialmente em tumores inflamados. A interacdo entre
as quimiocinas e as citocinas ¢ complexa e dependente do contexto; desempenha um papel
fundamental na definicdo da imunogenicidade do TME e no impacto dos resultados da
imunoterapia (253,258)
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(B) Chemokine receptor-ligand axes are involved in metastasis. These specific axes of chemokine receptors expressed on cancer cells and
chemokine ligands expressed in metastatic organs are com monly involved in the migration of cancer cells, leading to metastasis. Created with

BioRender.com.

Figura 41-Quimiocinas e metastizacao (253)

Exosomas e microvesiculas

Exosomas e vesiculas extracelulares transportam biomoléculas contendo RNA, DNA,
proteinas, lipidos estdo envolvidas na transferéncia de fatores oncogénicos, (Fig.42-43), entre
celulas dentro do TME, podendo remodelar a ECM, e promover a metastizagdo (259,260).

As exovesiculas podem melhorar a comunicacdo celular e desempenhar um papel na resisténcia

aos medicamentos (259-263).
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Figure 1. Role of tunsor-derived ZVs: on the primary tumor microenvironnsent

Tumor EVs cause fibrobla:ts to differentiate into myofibroblasts, which rel=aze MMP: and
lead to extracellular matrix remodeling. The breakdown of ECM leads to the releass of
growth factors embedded in the ECM and promotes imvasion throuzh parerchymal cells.
Tumor EVs activate tumor-2:sociated macrophagss to secrete G-CSF, VEGFE, IL-6, and
TNFa, which together promote ansiozenesis and create an infammatory niche. Tumor EV:
2fect immune system homeostasiz mostly by tngzering immunosppressive changss that
protect the tumor Tumor EV's activate and expand T, and MDSCs, which inhibit CD8' T-

Figura 42-Papel das exovesiculas derivadas do tumor no TME (260)
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Figure 2. Tumor-derived EV: promote pre-metastatic miche formation and metastasis

EVs play a distinct role at multiple stepe in PMN formation at distant sites of future
metastasis. Depending on the cancer cell of origim, EVs can circulate throush both blood and
lymphatic vessals to reach their destmation for PMN mitiation. Through an unknown
mechanism tumor EVs can induce vascular leakiness and interact with the resident cells of
mtegrin combmations (exosomal agfi4 and asfi; intezrms associated with lung metastasis /
exosomal ayfis intezrin with liver metastasis), EVs are targeted to particular resident cell

Figura 43-As exovesiculas tumorais e o seu papel na metastizacdo (260)
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4.4 Hipoxia e reprogramacao metabolica

A hipoxia é carateristica dos tumores solidos, surge devido a rapida proliferagdo celular, que
excede a capacidade de vascularizacdo(264), criando regiGes com baixos niveis de oxigénio no
TME,( Fig.44).

Figure 1 | The vascular network of normal tissue versus tumour tissue. Tumours contain regions of hypoxia and necrosis
because their vascutature can not supply oxygen and other vital nutrients to all the celis. Whereas normal vasculature (a) s
hierarchically organized, with vessels that are sufficiently close to ensure adequate nutriant and oxygen supply to all calls, tumour
vessals (b) are chaotic, dilated, tortuous and are often far apart and have sluggish blood flow. As a consaquencs, areas of hypoxia
and necrosis oftan develop distant from blood vessals. In addition to thesa regions of chronic {or diffusion-limited) hypoxia, areas of
acute (or perfusion-limited) hypoxia can develop in tumours as a result of the temporary closure or reduced fiow in certain vessals.
Adaptad from REE. 125. AV, arteriovenous.

Figura 44-Rede vascular nos tecidos normais versus tecidos tumorais (264)

Essa condicdo ativa fatores induzidos pela hipoxia (HIFs) particularmente o HIF-a; que
regulam genes associados a angiogénese e & sobrevivéncia celular promovendo o crescimento
tumoral (265)

Além disso, a hipéxia remodela o TME, favorecendo a imunossupressao, por meio do
recrutamento Tregs e células T supressoras derivadas dos mieloides (MDSCs) que reforcam a

progressdo e a metastizagdo do tumor (266).
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FIGURE 1

Hypoxia inhibits the immune response by inhibiting immune calls, recruiting immunosuppressive cells, regulating CAFs, promoting tlumor cell
growth, and mediating immune escape. {A) Anoxic metabolites, lactic acd, and adenosine inhibit T cell effector function and proliferation by
blocking the mTOR pathway and interacting with the AZA receptor on the T cell surface. Hypoxia promotes T cell apoptosis and directly inhilsts
T cell proliferation and differentiation. Hypoxia upreguiates IL-10, VEGF, and other cytokines through HIF-1x and inhibits the diferentiation and
maturation of DCs, leading to the inhibibon of T cell lunction. Moreover, hypoxia-induced high levels of HIF-1a and BNIP3 promote
programimed cell death in tumor cells captured by DC. In addition, hypoxia inhibits NK cell function by activating the PISK/mTOR signaling
pathway. (B) Hypoxia induced the mRNA expression of TGF-f VEGF, IL-6, IL-10, and PD-11 and promoted CAF participation in the recruitment
of MDSCs, Tregs, and type 2 TAMs to maintain the immunosuppressive state ol the microenvironment, promoting tumor cells to evade immune
survetllance. (C) Hypoxia upregulates the expression of MMP adam10 and induces the immune escape of tumor cells.

Figura 45-Hipoxia inibe a resposta imunitaria no TME (266)

A hipoxia impulsiona também, a reprogramacdo metabolica dentro das células tumorais
caracterizada o pelo “efeito de Warburg” - um desvio da fosforilacdo oxidativa para a glicélise
aerobica, com aumento da producédo de lactato mesmo na presencga do oxigenio, (Fig.46), isto
fornece ATP de forma rapida e sustenta vias bio sintéticas essenciais a proliferacdo celular
(266,267)
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Figure 1. Regulation of Glucose Metabolism

Under hypoxic conditions, hypoxia-inducible factor 1 (HIF-1) activates the
transcription of genes encoding the following: glucose transporters and
glycolytic enzymes, which increase the flux of glucose to pyruvate;
PDK1 (pyruvate dehydrogenase kinase), which inactivates PDH (pyruvate
dehydrogenase), the mitochondrial enzyme that converis pyruvate to acetyl
CoA for entry into the tricarboxylic acid (TCA/citric acid/Krebs) cycle; LDHA
(lactate dehydrogenase), which converts pyruvate to lactate; and the mito-
chondrial proteins BNIP3 and BNIP3L, which induce mitochondrial-selective
autophagy. The shunting of substrate away from the mitochondria reduces
ATP production but prevents excess ROS production that occurs due to
inefficient electron transport under hypoxic conditions.

Figura 46-Regulacdo do metabolismo da glucose sob condic¢Ges de hipdxia (265)

Esta reprogramacéo contribui para a acidez do TME, inibindo fung¢Ges imunes e promovendo a
expansdo de células imunossupressoras como macrofagos M2, (Fig. 46-48), (265,266,268
270).

A hipoxia, a modula¢do do TME e a reprogramacdo metabolica atuam sinergeticamente com
cada componente a reforcar os outros, criando-se um ambiente propicio a persisténcia e

disseminacéo tumoral.(266-273)
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Figure 2. The Multifaceted Roles of Lactate in 1umor Metabolism. (A) Cross-feeding and crosstalk mechanisms.
Glucose-derived lactate has been reported to (i) originate in hypoxic cancer celis and feed cancer cells within the same
tumor that are in proximity to the vasculature; (i) originate in cancer-associated fibroblasts (CAFs) and feed cancer cells; (i)
originate in cancer cells and feed mesenchymal stem cells (MSCs) and CAFs; (v) polarize macrophages toward an
alternatively polarized M2/tumor-associated macrophage (TAM) fate; and (v) inhibit antitumor T celis. Lactate is released
through the MCT4 transporter and taken-in by the MCT1 transporter. (B) Intracellular metabolic and signaling functions.
Metabolsm of intracellular lactate regulates nitrogen and redox balance, bioenergetics, and biosynthesis. In addition,
lactate can participate in signaling via direct binding to N-myc downstream-regulated gene 3 (NDRG3) and activation of a
hypoxia-inducible factor 1e (HIF-1a)-dependent angiogenic program. Abbreviations: «KG, alpha-ketoglutarate; Glu,
glutamate; MCT, monocarboxylate transporter; NAD', nicotinamide adenine dinucleotide oxidized; NADH, nicotinamide
adenine dinucleotide reduced.

Figura 47-Efeito da hipoxia no metabolismo do TME- o papel do lactato (268)
Alteragdes metabdlicas, (Fig.47), ndo s6 aceleram o crescimento do tumor como também

aumentam a resisténcia & terapia, ja que as células hipoxicas sdo menos suscetiveis a radiacao

e & quimioterapia, dependentes do oxigénio para gerar espécies reativas de oxigénio (ROS) que
danificam as células cancerigenas (264).
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FIGURE 3

Main mechanisms of immune escape in tumor immune microenvironment (TIME) through metabolic reprogramming in macrophages, neutrophils
and myeloid derived suppressor ceils. (A) M1, M2: macrophage type 1 and type 2 phenotype: TGFJi: tumor growth factor beta; IL: interleukin; FAs:
fatty acids; MCT1: monocarboxylic transporter 1. OXPHOS: oxidative phosphorylation; FAO: fatty acid oxadation; ROS: reactuve oxygen species;
Tregs: T regulatory cells; IDO: indoleamine 2,3 dioxygenase; ARG: arginase; GTLY: glutaminolysis. (B) NETosis: neutrophils extracellular
transactivation and release; TNFa: tumor necrosis factor alpha; ATP: adenosin triphosphate; CXCL:- chemokine ligand; PPP: pentose phosphate
pathway; P2X, P2Y: purinergic receptors; N2: neutrophil type 2; TANs: tumor-associated neutrophils; OXPHOS and ROS: see panel A_ (C) MDSC:
myeloid derived suppressor cell; HIF-1a: hypoxia inducible factor 1 alpha; CXCR: chemokine receptor; AMPK: 5' adenosine monophosphate
activated protein kinase; L-Glu: L-glutamine; CD36: cluster of differentiation 36; TCA: tricarboxylic acid; PGE2: prostaglandin E2; NK: natural killer;
GM-CSF: granulocyte-macrophage colony stimulating factor; STAT-5: signal transducer and activator of transcription 5; FATP2: fatty acid transport
protein 2; CXCL: see panet B; FAO: see panel A; { increase; { decrease.

Figura 48-Mecanismos de evasao imunitaria em microambientes de hipdxia(269)

O estudo destas vias de sinalizacdo, (Fig.48), pode fornecer informagdes sobre potenciais alvo

terapéuticos.

4.5 Evasdo imunitéria e Imunoterapia

4.5.1 Immune Checkpoints

Os pontos de controlo imunitarios sdo vias regulatérias, que ativam ou inibem respostas
imunitéarias, desempenhando um papel crucial na auto-tolerdncia e na prevencdo da
autoimunidade. Sao exploradas pelas células tumorais para escapar a detecdo e destruicao
imunitaria. permitindo o crescimento descontrolado e o amortecimento dos mecanismos de

defesa naturais do organismo(274).

Os checkpoints, (Fig. 49) mais estudados séo:
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Via PD-1/PD-LI:- o recetor PD-1 nas células T liga-se ao seu ligando PD-LI , frequentemente
sobre expresso nas células tumorais. Esta ligacdo faz com que as células T reduzam a sua

atividade, permitindo ao tumor escapar as respostas imunitarias;

Via CTLA-4 O CTLA-4, outro recetor das células T compete com o recetor estimulador CD28
pela ligacdo aos ligandos B7-1 e B-7-2 nas células apresentadoras de antigénios. Quando o
CTLA-4 se liga, transmite um sinal inibitorio a célula T, reduzindo a sua ativagao.
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Figura 49-Recetores de Checkpoints e seus ligandos(275)

Estratégias emergentes incluem o estudo de checkpoints adicionais como o Tim-3; Lag-3 e 0

TGIT que contribuem para a resisténcia (275-277) .
Mecanismos de evasdo imunitarias e estratégias alvo

As células cancerigenas empregam varias estratégias evasivas, incluindo a regulacdo negativa
da apresentacdo dos antigénios e a expansdo de moléculas imunossupressoras no TME para
criar um nicho imunossupressor(278), os tumores manipulam o TME recrutando células
reguladoras e células supressoras derivadas de mieloides que inibem a vigilancia imunitaria

eficaz permitindo o desenvolvimento tumoral(279).
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Na leucemia mieloide aguda (LMA) estes mecanismos séo particularmente robustos, as células
leucémicas reforcam pontos de controlo imunitério e induzem a exaustdo das células T,

complicando eficacia terapéutica (280)

Estas adaptacdes evasivas realcam a necessidade das terapias combinadas que contemplem
varias vias, abordagens personalizadas com a identificacdo de populacdes de doentes com maior
risco de evasdo imunitaria e adaptacdo de planos de tratamento em conformidade, e o
transplante de células estaminais, para reconstruir o sistema imunitario e potencialmente

ultrapassar os mecanismos de evasdo imunitaria (278-282)
4.5.2 Linfdcitos infiltradores de tumor

Os linfocitos infiltrantes de tumor (TILs) sdo células imunitéarias predominantemente células T,
que penetram nos tecidos tumorais e desempenham um papel fundamental na resposta a
imunitaria. Funcionalmente os TILs reconhecem e tém como alvos antigénios especificos do
tumor apresentados na superficie das células cancerigenas. Quando as reconhecem iniciam uma

resposta citotoxica destinada a eliminar essas células malignas (283,284)

As TILs sdo compostas por varios subgrupos de células T, onde se inclui células T CD8+
citotoxicas e células TCD4+ auxiliares, e outras células imunitarias como as células naturais
Killer (NK e macrdfagos. A sua presenca e atividade nos tecidos tumorais séo influenciadas
pela imunogenicidade do tumor, o que significa que atraem mais TILS, 0 que se correlaciona
com uma supressao tumoral imunomediada mais forte(284) nos tumores que apresentam mais

antigénios mais distintos.

O papel dos TILs na imunidade antitumoral € multifacetado. As TILs CD8+ citotdxicas sdo as
principais responsaveis pela morte direta das células cancerigenas, enquanto que as TILs CD4+
apoiam esta resposta através de secrecdo de citocinas que aumentam a proliferacdo das
CD8+.(285).

Alguns subconjuntos de TILs podem recrutar outras células imunitérias para 0 microambiente

tumoral, amplificando efetivamente a resposta imunitaria do tumor.

Niveis elevados de TILs em varios tipos de cancro, incluindo melanoma, cancro da mama,
cancros colorretais estdo associados a um melhor prognostico dos doentes e a taxas de
sobrevivéncia mais elevadas sublinhando a sua importancia como biomarcador favoravel em

oncologia (285)
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Os TILs s&o importantes na imunoterapia contra o cancro. A terapia TIL adotiva, que envolve
o0 isolamento, a expanséo e a reinfuséo de TILs no doente demonstrou ser promissora no reforgo
da imunidade antitumoral, particularmente em doentes com Melanoma(286). Esta abordagem
tira partido da especificidade das TILs em relacdo ao tumor, oferecendo uma estratégia
imunoterapéutica personalizada com potencial para melhorar resultados em cancros resistentes

aos tratamentos convencionais (286,287)
4.5.3 Impacto da Imunoterapia no microambiente tumoral e as suas consequéncias

A imunoterapia remodela significativamente o TME, transformando-o de um espaco

imunossupressor num espago mais propicio as respostas imunitarias antitumorais.

Os inibidores dos checkpoints, que bloqueiam vias inibitérias como o PD-1/PdDL1 e o CTLA-
4, recativando as células T exauridas no TME, aumentam a atividade citotoxica contra as células
cancerigenas(274) Esta reativacdo imunitaria conduz frequentemente a um afluxo de células
imunitérias, particularmente células T citotdxicas, para o TME, promovendo um ambiente

hostil ao crescimento tumoral(143,274) .

A remodelacdo do TME pode ter consequéncias mistas, i.e., embora a resposta imunitaria
reforcadas possa levar & regressdo do tumor, pode também promover inflamacao e eventos
adversos relacionados com o sistema imunitario uma vez que os tecidos saudaveis sdo por vezes

visados no processo (288)

Certos cancros adaptam-se a imunoterapia alterando o TME para resistir a infiltracdo de células
imunitarias ou promover células T reguladoras, o que pode diminuir a eficacia do tratamento

ao longo do tempo (289).

Os desafios desta terapéutica sdo complexos e obrigam a um equilibrio entre a gestdo

terapéutica e a gestdo do s efeitos adversos.
4.6 InteracOes estroma-tumor

A sinalizacdo bidirecional no TME refere-se a comunicacao reciproca entre as células tumorais
e as células do estroma circundante, que inclui células imunitarias, fibroblastos, células
endoteliais e a matriz extracelular. Esta interacdo bidirecional é crucial para a progressao do
tumor, uma vez, que permite que as céelulas estromais respondam e influenciem o ambiente
circundante criando um nicho de apoio ao crescimento tumoral e, a evasao imunitaria e ao

processo de metastizacdo(290,291).
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Por meio de vias de sinalizagdo como o TGF-B, PD1/PDI1 e CXCL12-CXCR4 as ceélulas
tumorais podem promover alteragdes que suprimem as respostas imunoldgicas ou aumentam a
angiogenese, enquanto que as celulas estromais podem, por sua vez secretar factores que

aumentam a sobrevivéncia das células tumorais , invasao e resisténcia a terapéuticas(144).
Este crosstalk dinamico acaba por moldar o TME para favorecer a malignidade.

Ha um potencial terapéutico a desenvolver, no direcionar terapéuticas, que tenham por objetivo,
o0s sinais bidirecionais de modo a se interromper as interagdes tumor estroma e inibir a

progresséo do cancro (144,290,291).
4.7 Cancer Stem cells e 0 microambiente tumoral

O TME apoia as células estaminais cancerigenas (CSC) fornecendo sinais e nutrientes
essenciais que mantém as suas capacidades de autorrenovacdo, plasticidade e sobrevivéncia

fundamentais para a progressao e recorréncia do tumor.

Através das interacbes com as celulas estromais circundantes, células imunitarias e
componentes da matriz extracelular, o TME promove um nicho que protege as CSC da detecdo

imunitaria e aumenta a sua resisténcia as terapias.

As condigdes de hipoxia dentro do TME ativam as vias HIF-1o promovendo a severidade da
CSCs e regulando positivamente as vias de sobrevivéncia que reduzem a sensibilidade a
quimioterapia (15,265,292)

A sinalizag&o por citocinas como a 11-6 e 0 TGF-f promove a transigéo epitelial-mesenquimal
(EMT), um processo que estéa associado a caracteristicas semelhantes &s de CSC, aumentando
a capacidade invasiva, 0 que contribui para a a metastase e a resisténcia a terapia(293-295).

A recorréncia e a resisténcia sdo frequentemente observadas conforme as CSC remanescentes,
protegidas pelo nicho, repovoam o tumor e se adaptam para escapar a tratamentos subsequentes.
Esta resiliéncia torna a interacdo entre 0 microambiente tumoral e as CSC uma abordagem

promissora para reduzir a recorréncia e superar a resisténcia terapéutica(15,293-295)
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4.8 Implicag0es e terapias dirigidas ao Microambiente tumoral
4.8.1 Terapias correntes e emergentes

As terapias que visam o TME especificamente aos CAFs e a ECM, tém como objetivo
desestabilizar as redes de suporte que favorecem a progressdao tumoral. Contudo estas

abordagens enfrentam desafios importantes:

A heterogeneidade celular de todos os componentes celulares do TME em particular nas

populacdes de CAFs; conduzem a resultados terapéuticos inconsistentes(296)

Efeitos adversos das terapias dirigidas & ECM- a modulacdo da ECM pode prejudicar a
homeostase dos tecidos normais, conduzir a toxicidade, e alterar as interacGes entre as células

tumorais e a matriz contribuindo para a invasividade e metastase (297)

Os CAFs e a ECM possuem plasticidade adaptativa. Reconfiguram-se dinamicamente em
resposta as pressfes terapéuticas ativando vias compensatorias que preservam as funcgdes
promotoras do tumor, contribuem para a resisténcia adaptativa e desempenham papeis duais na

progressao e na supressdo tumoral (298-300)
4.8.2 Avangos tecnoldgicos e metodoldgicos
4.8.2.1 Técnicas Omicas

A 6mica espacial, como a transcriptémica e a protedmica espaciais permitem a investigacéo da
estrutura tecidual enquanto se mapeia dados moleculares, o que é essencial a compreensao das
interacdes celulares no TME(301,302). Estas técnicas mostram 0 mapeamento preciso das
distribuicbes de proteinas e RNA no TME. Sdo exemplo, as tecnologias Dbit-seq e
Transcriptomica espacial de alta definicdo (HDST) que facilitam a detecdo de respostas

imunitarias e a definicdo de potenciais alvos terapéuticos (303)

Plataformas integrativas como o sistema MACSima Tm, permitem a analises simultaneas de
proteinas e RNA numa mesma secédo de tecido, aumentando a percecdo da complexa dindmica
do TME numa Unica célula (304-306)

4.8.2.2 Imagiologia avangada

As técnicas avangadas de imagiologia como a microscopia multifoténica e a imuno-pet,
permitem a visualizacdo em tempo real e alta resolucéo das interacGes celulares e moleculares

no interior dos tumores(307).
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A Imagiologia 3D oferece insights sobre a organizacdo espacial dos componentes do TME,
incluindo as células estromais e imunitarias e as suas interagdes com as células cancerigenas
(308-310)

4.8.2.3 Modelos in vitro e in vivo
Os modelos in vitro e in vivo sdo complementares no estudo do TME e no teste de terapias.

Os sistemas in vitro, como os esferoides e organoides 3D, simulam interagdes celulares com a
ECM. Modelos 3D de cancro da mama, com fibroblastos e macréfagos mostram a resisténcia

aos medicamentos semelhante a observada in vivo, otimizando triagens rastreio (311).

Apesar de ndo reproduzam a integra os tumores humanos, modelos in vivo avaliam respostas
terapéuticas em contextos fisiologicos. A integracdo de modelos, como 0s organoides
colorretais combinados com abordagens ex vivo e modelos animais, supera limitacdes e apoia

a terapia personalizada (257,312)
4.8.3 Implicagdes clinicas da medicina personalizada

A validacdo de biomarcadores no TME é crucial para a medicina de precisdo, auxiliando na

previsdo da progressdo do cancro e na resposta a imunoterapia.

No osteossarcoma, modelos baseados em genes relacionados com o sistema imunitario
correlacionou a infiltragdo célular imunitaria com a sobrevivéncia dos doentes destacando o

valor do prognostico dos biomarcadores nas estratégias de tratamento(309) (313,314).

De forma semelhante, um modelo de risco para o adenocarcinoma pulmonar envolvendo genes
como o PLK1 e LDHA previu resultados e respostas a imunoterapia ao refletir dindmicas
imunitarias (312) No cancro da mama, perfis de biomarcadores revelaram o impacto das células
dendriticas na sobrevivéncia dos doentes (315-317)

Avancos recentes nos biomarcadores como o estudo o TME-NET identificaram células TH1,
macrofagos M2 e marcadores Stat4 e IFNG como fundamentais para prever a eficacia de

Inibidores dos checkpoints imunoldgicos (318,319)

A resisténcia as terapias emergentes real¢a a necessidade de biomarcadores adicionais para a

personalizacéo eficaz da terapéutica(317,320).
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Oncologia de precisao

A oncologia de precisdo utiliza dados moleculares especificos dos doentes para desenhar
tratamentos especificos e dirigidos ao cancro com o objetivo de otimizar terapéuticas, reduzir

toxicidade e visar mutac@es utilizando biomarcadores tumorais especificos.

As abordagens diretas incluindo os inibidores de pontos de controlo imunitario e as
modificagdes baseadas em CRISPR, permitem direcionamentos precisos ao tumor com

minimizacao dos danos nos tecidos saudaveis(321,322).

4.8.4 Regulacdo epigenética do microambiente tumoral

A metilacdo do DNA, as modificacdes das histonas e os RNAs ndo codificantes orquestram
alteracdes intricadas no TME, (Fig.50), reprogramando as células estromais e imunitarias para

favorecer o crescimento do tumor e evitar as respostas imunitarias.

A metilagdo do DNA e as alteragdes das histonas nas células estromais associadas ao tumor,
como CAFs, suprimem as fun¢des imunitérias anti tumorais através da regulacdo de padrdes de

expressao genéticas, que promovem a tolerancia imunitaria (323).

Os RNAs ndo codificantes particularmente os RNAs longos (INnRNAS) apoiam ainda mais estes
processos, interagindo com reguladores epigenéticos para modular o panorama imunitario do

tumor e inibir a infiltracdo das células imunitarias (247)

Em conjunto estas modificacdes contribuem para a evasdo imunitaria, permitindo assim que

0s tumores evitem a detecdo e o ataque das células imunitarias (324).

76



Cnromosome Heterochromatsn Nucleosome

@ SR A

—

-2 Wibow! 3

§ MO

| Long ncsouna 13000
PN

P
Non-coding RNA | s comuae | rdme DNA methylstion
R el

v wg it |
Tasmrpan
Sy 1 4ITH —
Viaiphat i
e — F—— 20 awe

XOBBODO

FIGURE 1 | Schamatio model of epigenatic reguation, The expresson of most humen genas 15 eguiatad by epagenatic modfications. There &
epOenatic processes that control gene RaNScIption and expression: DNA methyiation, hstone modiicaton and NCRNA. DINA metf iishon aiw: 25 n GC-rch
arese of the human genorme called CpG stands, which can be methylsted by DNMTa, resulting in faded ranscription of genes, such as padod ], Histone modiication,
n which armno acids on four diforent histone tals (H2A, H2B, H3, H4) can be modifiod by diforent enzymes (KMTs, HATs, phosphatissss, KDMs, HDACS, among
others), resuts 0 o eguiabon of gene ogoson. In the human gonoma, many DNA saguences cannot be Sanscrbed nto mBNAs bt are trnscrbod as
ncANAS. Accarding to the ength, ncANAS can be dawded into smell and long ncANAS. The most investigatad ncRNA is miIRINA, which targets the 3°-UTH of mEANA,
thus contnbuting 1o gane skancing

@ oo dforent

Figura 50-Regulacao epigenética (324)

Potencial terapéutico

A regulacdo epigenética oferece potencial terapéutico ao visar a metilacdo reversivel do DNA,
as modificacOes da histona e 0s RNAs nao codificantes para restaurar as respostas imunitarias

normais e inibir os TME de apoio ao tumor.

Farmacos como os Inibidores da DNA-Metiltransferase e os Inibidores da Histona Desacetilase
re-sensibilizam os tumores para a vigilancia imunitéria, revertendo potencialmente a evasdo

imunitaria e tornado 0s cancros sensiveis & imunoterapia(325,326).

Estes agentes reativam genes supressores de tumor silenciados e promovem respostas
imunolégicas como demonstrado pelo uso de azacitidina (DNMTi) e Vorinostat (HDACI) em

estudos pré-clinicos e clinicos(325,326)

Além disso a modulacdo dos RNAs ndo codificantes pode interromper a sinalizacdo

oncogenica, aumentando a imunidade antitumoral e reduzindo o risco de metastases(327).
4.8.5 Microbioma e o microambiente tumoral

O Microbioma desempenha um papel fundamental na formagdo do TME, influenciando a

progressdo do cancro, a modulacéo imunitéria e a resposta a terapéutica(328).
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O Microbioma intestinal comunica com o TME, através de vias de sinalizagcdo imunitéria,

influenciando a inflamagdo e a atividade das células imunitarias, que por sua vez podem

promover ou inibir o crescimento do tumor, (Fig. 51-53).

Além disso, a microbiota intratumoral interage diretamente dentro dos tumores, afetando a

supressao imunitéria, (Fig.54), e a eficécia terapéutica tal como a resisténcia a quimioterapia e

imunoterapia(323,328) .
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Figure 1. Different anatomical sites of human microbiota and its functions. In the upper respiratory
tract, the microbiota contributes to the production of mucus and antimicrobial chemicals. In the
lungs and the bronchi, the microbiota promotes tissue lubrication. In the colon, microbiota aids the
digestion of complex carbohydrates. The skin microbiota strengthens the immune system. In the
genitourinary tract, microbiota maintains pH and regulates HoO» production. The gastric microbiota
prevents stomach damage. The oral microbiota promotes digestion and limits pathogen ingestion.
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Figura 51-Funcdes da microbiota nos seus locais anatomicos(328)
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Figure 2. Intratumoral microbiota may facilitate metastasis formation by impairing the mucosal
barrier and prompting EMT modifications in cancer cells. The metastatic tumor cells thus invade
adjacent tissue as single cells or as clusters of cells and then reach and penetrate blood vessels during
intravasation. Finally, tumor cells colonize distal organs, forming metastases in tissues such as the
lungs, liver, brain, and bones.

Figura 52-A Microbiota intratumoral pode facilitar a metastizacdo(328)
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Figure 3. Crosstalk between digestive tumor-associated microbiota and tumor microenvironment
(TME). The tumor-infiltrating bacteria can promote immunosuppression or immune reactivation
by acting on metabolism and can create a heterogeneous tumor microenvironment to cause cancer
initiation and development.

Figura 53-A interacdo entre o Microbioma intestinal e 0 TME(328)
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Figure 4. The intratumoral microbiota promotes tumorigenesis and tumor progression through
several mechanisms. Many microbes produce compounds like toxins and ROS that can directly cause
DNA damage and thus increase mutagenesis. Other microbes promote the activation of oncogenic
pathways, such as the B-catenin signaling pathway. For instance, cytotoxin-associated antigen A
(CagA) produced by H. pylori, FadA produced by F. nucleatum, Btf produced by B. fragilis, and AvrA
produced by S. typhi interact with E-cadherin or B-catenin enhancing the abnormal proliferation of
cancer cells. Intratumoral microorganisms also influence cytokine production, inducing a proinflam-
matory response and inhibiting the immune response. Finally, the activation of B-catenin induces
the nuclear translocation of the B-catenin/T-cell factor /lymphoid enhancer factor family (TCF/LEF)
complex, which promotes the transcription of different tumorigenic genes.

Figura 54 A Microbiota intratumoral promove a progressao do tumor(328)

Ao modificarmos os componentes especificos do Microbioma, podemos explorar potencias
estratégias terapéuticas, ( Fig. 55) para aumentar a ativagdo imunitaria e melhorar os resultados
das terapias (329)
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Figura 55-Modulac¢éo do microbioma para fins terapéuticos (329)
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4.8.6 Estudos comparativos através dos diferentes tipos de cancro

Os estudos comparativos podem revelar caracteristicas Unicas e partilhadas entre os diferentes

tipos de cancro permitindo assim o desenvolvimento de estratégias terapéuticas especificas.

Os estudos comparativos podem versar sobre diferentes dimensdes da carcinogénese como:
por exemplo composicdo do TME e paisagem imunitaria(330), alteragbes genomicas e
epigenomicas (95) reprogramacdo metabdlica e tipos de tumor, respostas terapéuticas e
mecanismos de resisténcia(331), predicdo de biomarcadores de prognostico (332,333) e a

influencia do Microbioma nos diferentes tipos de tumor.

A compreensdo destas variacdes pode revelar mecanismos de evasao imunitaria e potenciais

alvos de imunoterapia.
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5 Conclusao

A importancia do microambiente tumoral no cancro tem sido verificada ao longo de mais de

um século de investigacéo cientifica.

A compreensdo aprofundada do microambiente tumoral transforma o paradigma da
investigacdo oncologica e da prética clinica, e sublinha o seu papel central na dindmica do

cancro.

A sua influéncia abrangente na iniciacdo, progressdo, metastizagéo e resisténcia terapéutica
posiciona o microambiente tumoral como um elemento chave, ndo apenas na compreensédo da

biologia tumoral, mas também no reimaginar de estratégias terapéuticas.

Ao longo deste trabalho, ficou claro que o microambiente tumoral é mais do que um
coadjuvante na malignidade, é ator participativo desta dindmica, molda a evolucdo do tumor,

ao mesmo tempo que oferece novas oportunidades de intervencao.

Desde a angiogénese induzida pela hipoxia, até a evasdo imunitaria e a reprogramacéo
metabolica, os mecanismos do microambiente tumoral destacam tanto a complexidade quanto

a plasticidade deste sistema, que pode ser um aliado do tumor e um alvo terapéutico estratégico.

A exploragcdo do microambiente tumoral aproxima-nos de terapias mais personalizadas e
eficazes, abre caminho a superacdo de barreiras terapéuticas, que durante décadas, limitaram os

avancgos no tratamento desta doenca.

O futuro da oncologia esta intrinsecamente ligado & capacidade de integrar abordagens
tradicionais com intervencdes inovadoras que reprogramem o0 microambiente tumoral,

promovendo sinergias que poderdo mudar o curso desta doenca devastadora.

Esta visdo integrativa, sustentada por investigacdo continua e colaboracdo interdisciplinar,

representa uma nova era de esperanca para 0s doentes oncol6gicos.

82



10.

11.

12.

Bibliografia

Bickers DR, Lowy DR. Carcinogenesis: A Fifty-Year Historical Perspective. Journal of
Investigative Dermatology [Internet]. 1989 [cited 2024 Nov 10];92(4):S121-31.
Available from: https://doi.org/10.1038/jid.1989.39

Hanahan D, Weinberg RA. The Hallmarks of Cancer. Cell. 2000 Jan 7;100(1):57-70.

Moraes R dos SN adrian. Introdugédo 1.1 Cancer: uma doenca genética [Internet]. 2016
[cited 2024 Sep 18]. Available from: https://www.maxwell.vrac.puc-
rio.br/33320/33320_1.PDF

Loeb LA, Harris CC. Advances in chemical carcinogenesis: A historical review and
prospective. Vol. 68, Cancer Research. 2008. p. 6863—-72.

Bhat AS, Ahmed M, Abbas K, Mustafa M, Alam M, Salem MAS, et al. Cancer Initiation
and Progression: A Comprehensive Review of Carcinogenic Substances, Anti-Cancer
Therapies, and Regulatory Frameworks. Asian Journal of Research in Biochemistry.
2024 Jun 22;14(4):111-25.

Weinberg R. Tumor suppressor genes. Neuron. 1993 Aug 1;11(2):191-6.

Passaro A, Al Bakir M, Hamilton EG, Diehn M, André F, Roy-Chowdhuri S, et al.
Cancer biomarkers: Emerging trends and clinical implications for personalized
treatment. VVol. 187, Cell. Elsevier B.V.; 2024. p. 1617-35.

Wang Q, Shao X, Zhang Y, Zhu M, Wang FXC, Mu J, et al. Role of tumor
microenvironment in cancer progression and therapeutic strategy [Internet]. Vol. 12,
Cancer Medicine. John Wiley and Sons Inc; 2023 [cited 2024 Nov 9]. p. 11149-65.
Available from: https://onlinelibrary.wiley.com/doi/epdf/10.1002/cam4.5698

Pitot HC. The molecular biology of carcinogenesis. Cancer. 1993;72(3 S):962—70.

Luch A. Nature and nurture - Lessons from chemical carcinogenesis. Vol. 5, Nature
Reviews Cancer. 2005. p. 113-25.

Menson KE, Coleman SRM. Smoking and pulmonary health in women: A narrative

review and behavioral health perspective. Prev Med (Baltim). 2024 Aug 1;185.

Knudson AG. Mutation and Cancer: Statistical Study of Retinoblastoma. Vol. 68. 1971.

83



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Paolo Vineis 1 ASJDP. 2010Vinels Models. Carcinogenesis [Internet]. 2010 Apr 29
[cited 2024 Nov 9];31(10):1703-9. Available from:
https://pubmed.ncbi.nlm.nih.gov/20430846/

Shimada S, Tanaka S. A new era for understanding genetic evolution of multistep
carcinogenesis. Available from: https://doi.org/10.1007/s00535-019-01576-8

Hanahan D, Weinberg RA. Hallmarks of cancer: The next generation [Internet]. Vol.
144, Cell. 2011 [cited 2024 Nov 9]. p. 646-74. Available from:
https://www.cell.com/cell/fulltext/S0092-8674(11)00127-9

Hanahan D. Hallmarks of Cancer: New Dimensions. Vol. 12, Cancer Discovery.
American Association for Cancer Research Inc.; 2022. p. 31-46.

Gatenby RA, Vincent TL. An Evolutionary Model Of Carcinogenesis [Internet]. Vol.
63, CANCER RESEARCH. 2003. Available from:
http://aacrjournals.org/cancerres/article-pdf/63/19/6212/2507249/ch1903006212.pdf

Gutiérrez-Martinez A, Sew WQG, Molano-Fernandez M, Carretero-Junquera M,
Herranz H. Mechanisms of oncogenic cell competition—Paths of victory. Vol. 63,

Seminars in Cancer Biology. Academic Press; 2020. p. 27-35.

Alizadeh AA, Aranda V, Bardelli A, Blanpain C, Bock C, Borowski C, et al. Toward
understanding and exploiting tumor heterogeneity. VVol. 21, Nature Medicine. Nature
Publishing Group; 2015. p. 846-53.

Knudson AG. Mutation and Cancer: Statistical Study of Retinoblastoma [Internet]. Vol.
68. 1971. Available from: https://www.pnas.org

FOLKMAN J. Role of angiogenesis in tumor growth and metastasis. Semin Oncol. 2002
Dec 16;29(6):15-8.

Fulbright LE, Ellermann M, Arthur JC. The microbiome and the hallmarks of cancer.
Vol. 13, PLoS Pathogens. Public Library of Science; 2017.

Darwiche N. Epigenetic mechanisms and the hallmarks of cancer: an intimate affair
[Internet]. Vol. 10, Am J Cancer Res. 2020. Available from: www.ajcr.us/

Meirson T, Gil-Henn H, Samson AO. Invasion and metastasis: the elusive hallmark of

cancer. Vol. 39, Oncogene. Springer Nature; 2020. p. 2024-6.

84



25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Carlberg C, Velleuer E. Multi-step Tumorigenesis and Genome Instability. In: Carlberg
C, Velleuer E, editors. Cancer Biology: How Science Works [Internet]. Cham: Springer
International Publishing; 2021. p. 41-53. Available from: https://doi.org/10.1007/978-3-
030-75699-4_4

Barrett JC. Mechanisms of Multistep Carcinogenesis and Carcinogen Risk Assessment.
Vol. 100, Environmental Health Perspectives. 1993.

Fearon EF, Vogelstein B. A Genetic Model for Colorectal Tumorigenesis. Vol. 61, Cell.
1990.

Vogelstein B, Lane D, Levine AJ. Surfing the p53 network. Nature [Internet]. 2000 Nov
16 [cited 2024 Nov 9];408(6810):307-10. Available from:
https://pubmed.ncbi.nlm.nih.gov/11099028/

Yamada Y, Mori H. Multistep carcinogenesis of the colon in ApcMin/+ mouse. Vol. 98,
Cancer Science. 2007. p. 6-10.

Zushi Y, Narisawa-Saito M, Noguchi K, Yoshimatsu Y, Yugawa t, Egawa N, et al. An
in vitro multistep carcinogenesis model for both HPV-positive and -negative human oral
squamous cell carcinomas. Am J cancer res [Internet]. 2011 Aug 18;7(1):869-81.

Available from: www.ajcr.us

Vogelstein B, Kinzler KW. Cancer genes and the pathways they control. VVol. 10, Nature
Medicine. 2004. p. 789-99.

Tubiana M. Généralités sur la cancérogenese. C R Biol. 2008 Feb;331(2):114-25.

Narod SA, Foulkes WD. BRCA1 and BRCAZ2: 1994 and beyond. Vol. 4, Nature Reviews
Cancer. 2004. p. 665-76.

Pickup MW, Mouw JK, Weaver VM. The extracellular matrix modulates the hallmarks
of cancer. EMBO Rep. 2014 Dec;15(12):1243-53.

Balkwill F, Mantovani A. Inflamation and cancer: back to Virchow. The lancet
[Internet]. 2001 Feb 17 [cited 2024 Nov 10];357(9255):539-345. Available from:
https://www.thelancet.com/action/showPdf?pii=S0140-6736%2800%2904046-0

Gillies RJ, Verduzco D, Gatenby RA. Evolutionary dynamics of carcinogenesis and why

targeted therapy does not work. VVol. 12, Nature Reviews Cancer. 2012. p. 487-93.

85



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Yager JD, Davidson NE, Hopkins Bloomberg J. mechanisms of disease Estrogen
Carcinogenesis in Breast Cancer [Internet]. Vol. 354, N Engl J Med. 2006. Available

from: www.nejm.org

Culig Z, Santer FR. Androgen receptor signaling in prostate cancer. VVol. 33, Cancer and

Metastasis Reviews. Kluwer Academic Publishers; 2014. p. 413-27.

Garcia-Gémez E, Vazquez-Martinez ER, Reyes-Mayoral C, Cruz-Orozco OP,
Camacho-Arroyo 1, Cerbon M. Regulation of Inflammation Pathways and
Inflammasome by Sex Steroid Hormones in Endometriosis. Vol. 10, Frontiers in
Endocrinology. Frontiers Media S.A.; 2020.

Riffo-Vasquez Y, Ligeiro De Oliveira AP, Page CP, Spina D, Tavares-De-Lima W. Role

of sex hormones in allergic inflammation in mice Clinical and Experimental Allergy.

Negrini S, Gorgoulis VG, Halazonetis TD. Genomic instability an evolving hallmark of

cancer. VVol. 11, Nature Reviews Molecular Cell Biology. 2010. p. 220-8.

Casacuberta-Serra S, Gonzalez-Larreategui I, Capitan-Leo D, Soucek L. MYC and
KRAS cooperation: from historical challenges to therapeutic opportunities in cancer.

Vol. 9, Signal Transduction and Targeted Therapy. Springer Nature; 2024.

Casacuberta-Serra S, Gonzalez-Larreategui I, Capitan-Leo D, Soucek L. MYC and
KRAS cooperation: from historical challenges to therapeutic opportunities in cancer.
Vol. 9, Signal Transduction and Targeted Therapy. Springer Nature; 2024.

Baylin SB, Jones PA. Epigenetic determinants of cancer. Cold Spring Harb Perspect
Biol. 2016 Sep 1;8(9).
Herman JG, Baylin SB. mechanisms of disease Gene Silencing in Cancer in Association

with Promoter Hypermethylation [Internet]. 2003. Available from: www.nejm.org

Fulbright LE, Ellermann M, Arthur JC. The microbiome and the hallmarks of cancer.
Vol. 13, PLoS Pathogens. Public Library of Science; 2017.

Nishida N, Yano H, Nishida T, Kamura T, Kojiro M. Angiogenesis in cancer. VVascular
health and Risk managemebt [Internet]. 2006 [cited 2024 Nov 10];3(2):213-9. Available
from: https://pmc.ncbi.nlm.nih.gov/articles/PMC1993983/pdf/vhrm0203-213.pdf

86



48.

49.

50.

51.

52.

53.

54,

55.

56.

S7.

58.

59.

Song W, Mazzieri R, Yang T, Gobe GC. Translational significance for tumor metastasis
of tumor-associated macrophages and epithelial-mesenchymal transition. Vol. 8,

Frontiers in Immunology. Frontiers Media S.A.; 2017.

Lambert AW, Pattabiraman DR, Weinberg RA. Emerging Biological Principles of
Metastasis. VVol. 168, Cell. Cell Press; 2017. p. 670-91.

Pote MS, Singh D, M. A A, Suchita J, Gacche RN. Cancer metastases: Tailoring the
targets. Vol. 10, Heliyon. Elsevier Ltd; 2024.

Rizki A, Weaver VM, Lee SY, Rozenberg GI, Chin K, Myers CA, et al. A human breast

cell model of preinvasive to invasive transition. Cancer Res. 2008 Mar 1;68(5):1378-87.

Tang S, Ning Q, Yang L, Mo Z, Tang S. Mechanisms of immune escape in the cancer

immune cycle. Vol. 86, International Immunopharmacology. Elsevier B.V.; 2020.

Vinay DS, Ryan EP, Pawelec G, Talib WH, Stagg J, Elkord E, et al. Immune evasion in
cancer: Mechanistic basis and therapeutic strategies. Vol. 35, Seminars in Cancer
Biology. Academic Press; 2015. p. S185-98.

Rabinovich GA, Gabrilovich D, Sotomayor EM. Immunosuppressive strategies that are

mediated by tumor cells. Vol. 25, Annual Review of Immunology. 2007. p. 267-96.

Dunn GP, OIld LJ, Schreiber RD. Review The Immunobiology of Cancer
Immunosurveillance and Immunoediting. Immunity [Internet]. 2004 Aug 1 [cited 2024
Nov 11];21:137-48. Available from: https://pubmed.ncbi.nlm.nih.gov/15308095/

Guiot C, Pugno N, Delsanto PP, Deisboeck TS. Physical aspects of cancer invasion. Vol.

4, Physical Biology. Institute of Physics Publishing; 2007.

Gialeli C, Theocharis AD, Karamanos NK. Roles of matrix metalloproteinases in cancer
progression and their pharmacological targeting. Vol. 278, FEBS Journal. 2011. p. 16—
27.

Merchant N, Nagaraju GP, Rajitha B, Lammata S, Jella KK, S.Buchwald Z, et al. Matrix
metalloproteinases: Their functional role in lung cancer. Vol. 38, Carcinogenesis. Oxford
University Press; 2017. p. 766-80.

Fitzmaurice C, Dicker D, Pain A, Hamavid H, Moradi-Lakeh M, Macintyre MF, et al.
The Global Burden of Cancer 2013. JAMA Oncol. 2015 Jul 1;1(4):505-27.

87



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Chiara F, Indraccolo S, Trevisan A. Filling the gap between risk assessment and
molecular determinants of tumor onset. VVol. 42, Carcinogenesis. Oxford University
Press; 2021. p. 507-16.

Wu S, Zhu W, Thompson P, Hannun YA. Evaluating intrinsic and non-intrinsic cancer

risk factors. VVol. 9, Nature Communications. Nature Publishing Group; 2018.

Tomasetti C, Vogelstein B. Variation in cancer risk among tissues can be explained by
the number of stem cell divisions. Science (1979). 2015 Jan 2;347(6217):78-81.

Harrison DJ, Doe JE. The modification of cancer risk by chemicals. VVol. 10, Toxicology
Research. Oxford University Press; 2021. p. 800-9.

Bhat AS, Ahmed M, Abbas K, Mustafa M, Alam M, Salem MAS, et al. Cancer Initiation
and Progression: A Comprehensive Review of Carcinogenic Substances, Anti-Cancer
Therapies, and Regulatory Frameworks. Asian Journal of Research in Biochemistry.
2024 Jun 22;14(4):111-25.

Pratt MM, John K, Maclean AB, Afework S, Phillips DH, Poirier MC. Polycyclic
aromatic hydrocarbon (PAH) exposure and DNA adduct semi-quantitation in archived
human tissues. Vol. 8, International Journal of Environmental Research and Public
Health. MDPI; 2011. p. 2675-91.

Melendez-Colon VJ, Luch A, Seidel A, Baird WM. Cancer initiation by polycyclic
aromatic hydrocarbons results from formation of stable DNA adducts rather than

apurinic sites. Vol. 20, Carcinogenesis. 1999.

Huang AT, Tang W. Smoking-Related DNA Alkylation Events Are Mapped at Single-
Nucleotide Resolution. ACS Cent Sci. 2023 Mar 22;9(3):346-8.

Fahrer J, Christmann M. DNA Alkylation Damage by Nitrosamines and Relevant DNA
Repair Pathways. VVol. 24, International Journal of Molecular Sciences. Multidisciplinary
Digital Publishing Institute (MDPI); 2023.

Armijo AL, Thongararm P, Fedeles Bl, Yau J, Kay JE, Corrigan JJ, et al. Molecular
origins of mutational spectra produced by the environmental carcinogen N-
nitrosodimethylamine and SN1 chemotherapeutic agents. NAR Cancer. 2023 Jun 1;5(2).

Kumar N, Moreno NC, Feltes BC, Menck CFM, Van Houten B. Cooperation and
interplay between base and nucleotide excision repair pathways: From DNA lesions to
proteins. Vol. 43, Genetics and Molecular Biology. Brazilian Journal of Genetics; 2020.

88



71.

72.

73.

74.

75.

76.

77.

78.

79.

Krasikova Y, Rechkunova N, Lavrik O. Nucleotide excision repair: From molecular
defects to neurological abnormalities. Vol. 22, International Journal of Molecular
Sciences. MDPI; 2021.

Gonzalo-Hansen C, Steurer B, Janssens RC, Zhou D, Van Sluis M, Lans H, et al.
Differential processing of RNA polymerase Il at DNA damage correlates with
transcription-coupled repair syndrome severity. Nucleic Acids Res. 2024 Sep
9;52(16):9596-612.

Sarmini L, Meabed M, Emmanouil E, Atsaves G, Robeska E, Karwowski BT, et al.
Requirement of transcription-coupled nucleotide excision repair for the removal of a
specific type of oxidatively induced DNA damage. Nucleic Acids Res. 2023 Jun
9;51(10):4982-94.

Guengerich FP. Cytochrome P450s and Other Enzymes in Drug Metabolism and
Toxicity [Internet]. Vol. 8, The AAPS Journal. 2006. Available from:
http://www.aapsj.org

Guengerich PF. Metabolism of chemical carcinogens. Carcinogenesis [Internet]. 2000
[cited 2024 Nov 12];21(3):345-51. Available from:
https://pubmed.ncbi.nlm.nih.gov/10688854/

Swenberg JA, Lu K, Moeller BC, Gao L, Upton PB, Nakamura J, et al. Endogenous
versus exogenous DNA adducts: Their role in carcinogenesis, epidemiology, and risk

assessment. VVol. 120, Toxicological Sciences. 2011.

Malkin D. Germline mutations of the p53 tumor-supressor gene in children and young
adults with second malignant neoplasms. New england Journal of medice [Internet].
1992 May 14 [cited 2024 Nov 12];326(20):1309-15. Available from:
https://www.nejm.org/doi/pdf/10.1056/NEJM199205143262002

Levine AJ. P53 and the immune response: 40 years of exploration—a plan for the future.
Vol. 21, International Journal of Molecular Sciences. MDPI AG; 2020.

Brose MS, Rebbeck TR, Calzone KA, Stopfer JE, Nathanson KL, Weber BL. Cancer
Risk Estimates for BRCA1 Mutation Carriers Identified in a Risk Evaluation Program
[Internet]. Available from: https://academic.oup.com/jnci/article/94/18/1365/2519891

89



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Domchek SM, Friebel TM, Singer CF, Gareth Evans D, Lynch HT, Isaacs C, et al.
Association of risk-reducing surgery in BRCA1 or BRCA2 mutation carriers with cancer
risk and mortality. JAMA. 2010 Sep 1;304(9):967-75.

Basu NN, Ingham S, Hodson J, Lalloo F, Bulman M, Howell A, et al. Risk of
contralateral breast cancer in BRCA1 and BRCA2 mutation carriers: a 30-year semi-
prospective analysis. Fam Cancer. 2015 Aug 4;14(4):531-8.

Hall JM, Friedman L, Guenther C, Lee MK, Weberj JL, Black DM, et al. Closing in on
a Breast Cancer Gene on Chromosome 17¢. Vol. 50, Am. J. Hum. Genet. 1992,

Pinto EM, Fridman C, Figueiredo BC, Salvador H, Teixeira MR, Pinto C, et al. Multiple
TP53 p.R337H haplotypes and implications for tumor susceptibility. Human Genetics
and Genomics Advances. 2024 Jan 11;5(1).

Hung RJ, Mckay JD, Gaborieau V, Boffetta P, Hashibe M, Zaridze D, et al. A
susceptibility locus for lung cancer maps to nicotinic acetylcholine receptor subunit
genes on 15025 A suscep-tibility locus for lung cancer maps to nicotinic acetylcholine
receptor subunit genes on 15925. Nature [Internet]. 2008;452(7187). Available from:
http://hdl.handle.net/2318/102453

Bailey-Wilson JE, Amos ClI, Pinney SM, Petersen GM, De Andrade M, Wiest JS, et al.
A Major Lung Cancer Susceptibility Locus Maps to Chromosome 6g23-25. VVol. 75, Am.
J. Hum. Genet. 2004.

Landi MT, Chatterjee N, Yu K, Goldin LR, Goldstein AM, Rotunno M, et al. A Genome-
wide Association Study of Lung Cancer Identifies a Region of Chromosome 5p15
Associated with Risk for Adenocarcinoma. Am J Hum Genet. 2009 Nov 13;85(5):679—
91.

KiYohara C. Genetic Polymorphisms Involved in Carcinogen Metabolism and DNA

Repair and Lung Cancer Risk in a Japanese Population.

Zanetti KA, Wang Z, Aldrich M, Amos CI, Blot WJ, Bowman ED, et al. Genome-wide
association study confirms lung cancer susceptibility loci on chromosomes 5p15 and
15¢25 in an African-American population. Lung Cancer. 2016 Aug 1;98:33-42.

Ito H, McKay JD, Hosono S, Hida T, Yatabe Y, Mitsudomi T, et al. Association between
a Genome-Wide Association Study-ldentified Locus and the Risk of Lung Cancer in
Japanese Population. Journal of Thoracic Oncology. 2012 May 1;7(5):790-8.

90



90.

91.

92.

93.

94.

95.

96.

97.

98.

Le Marchand L, Derby KS, Murphy SE, Hecht SS, Hatsukami D, Carmella SG, et al.
Smokers with the CHRNA lung cancer-associated variants are exposed to higher levels
of nicotine equivalents and a carcinogenic tobacco-specific nitrosamine. Cancer Res.
2008 Nov 15;68(22):9137-40.

Hines LM, Sedjo RL, Byers T, John EM, Fejerman L, Stern MC, et al. The interaction
between genetic ancestry and breast cancer risk factors among hispanic women: The
breast cancer health disparities study. Cancer Epidemiology Biomarkers and Prevention.
2017 May 1;26(5):692—701.

James BA, Williams JL, Nemesure B. A systematic review of genetic ancestry as a risk
factor for incidence of non-small cell lung cancer in the US. Vol. 14, Frontiers in
Genetics. Frontiers Media S.A.; 2023.

Achatz MIW, Olivier M, Calvez F Le, Martel-Planche G, Lopes A, Rossi BM, et al. The
TP53 mutation, R337H, is associated with Li-Fraumeni and Li-Fraumeni-like syndromes
in Brazilian families. Cancer Lett. 2007 Jan 8;245(1-2):96-102.

De Moura Gallo CV, Azevedo E Silva Mendonca G, De Moraes E, Olivier M, Hainaut
P. TP53 mutations as biomarkers for cancer epidemiology in Latin America: Current
knowledge and perspectives. Mutation Research/Reviews in Mutation Research. 2005
May 1;589(3):192—-207.

Aaltonen LA, Abascal F, Abeshouse A, Aburatani H, Adams DJ, Agrawal N, et al. Pan-
cancer analysis of whole genomes. Nature [Internet]. 2020 Feb 6;578(7793):82-93.
Available from: https://www.nature.com/articles/s41586-020-1969-6

Landi MT, Bishop DT, MacGregor S, Machiela MJ, Stratigos AJ, Ghiorzo P, et al.
Genome-wide association meta-analyses combining multiple risk phenotypes provide
insights into the genetic architecture of cutaneous melanoma susceptibility. Nat Genet.
2020 May 1;52(5):494-504.

Wang Y, Zhu M, Ma H, Shen H. Polygenic risk scores: The future of cancer risk
prediction, screening, and precision prevention. Vol. 1, Medical Review. Walter de
Gruyter GmbH; 2021. p. 129-49.

Lane D, Levine A. p53 Research: the past thirty years and the next thirty years. Vol. 2,
Cold Spring Harbor perspectives in biology. 2010.

91



99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Herman JG, Baylin SB. mechanisms of disease Gene Silencing in Cancer in Association

with Promoter Hypermethylation [Internet]. 2003. Available from: www.nejm.org

Kruse R, Ruzicka T. DNA mismatch repair and the significance of a sebaceous skin
tumor for visceral cancer prevention. Vol. 10, Trends in Molecular Medicine. 2004. p.
136-41.

Karnoub AE, Weinberg RA. Ras oncogenes: Split personalities. Vol. 9, Nature Reviews
Molecular Cell Biology. 2008. p. 517-31.

Kranenburg O. The KRAS oncogene: Past, present, and future. VVol. 1756, Biochimica
et Biophysica Acta - Reviews on Cancer. 2005. p. 81-2.

Deramaudt T, Rustgi AK. Mutant KRAS in the initiation of pancreatic cancer. VVol. 1756,
Biochimica et Biophysica Acta - Reviews on Cancer. 2005. p. 97-101.

Smakman N, Borel Rinkes IHM, Voest EE, Kranenburg O. Control of colorectal
metastasis formation by K-Ras. VVol. 1756, Biochimica et Biophysica Acta - Reviews on
Cancer. 2005. p. 103-14.

Pretlow TP, Pretlow TG. Mutant KRAS in aberrant crypt foci (ACF): Initiation of
colorectal cancer? Vol. 1756, Biochimica et Biophysica Acta - Reviews on Cancer. 2005.
p. 83-96.

Friday BB, Adjei AA. K-ras as a target for cancer therapy. Vol. 1756, Biochimica et
Biophysica Acta - Reviews on Cancer. 2005. p. 127-44.

Vogelstein B, Kinzler KW. Cancer genes and the pathways they control. Nat Med
[Internet]. 2004;10(8):789-99. Available from: https://doi.org/10.1038/nm1087

Kolonder MMS_Patent US5922855.

Li SKH, Martin A. Mismatch Repair and Colon Cancer: Mechanisms and Therapies
Explored. Vol. 22, Trends in Molecular Medicine. Elsevier Ltd; 2016. p. 274-89.

Fishel R, Kolodner RD. Identification of mismatch repair genes and their role in the

development of cancer. 1995.

Kolodner RD. A personal historical view of DNA mismatch repair with an emphasis on
eukaryotic DNA mismatch repair. Vol. 38, DNA Repair. Elsevier B.V.; 2016. p. 3-13.

92



112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Aarnio M, Sankila R, Pukkala E, Salovaara R, Aaltonen LA, De A, et al. CANCER RISK
IN MUTATION CARRIERS OF DNA-MISMATCH-REPAIR GENES. Vol. 81, Int. J.
Cancer. Wiley-Liss, Inc; 1999.

Yao Y, Tao H, Kim JJ, Burkhead B, Carloni E, Gasbarrini A, et al. Alterations of DNA
mismatch repair proteins and microsatellite instability levels in gastric cancer cell lines.
Laboratory Investigation. 2004 Jul;84(7):915-22.

Li SKH, Martin A. Mismatch Repair and Colon Cancer: Mechanisms and Therapies
Explored. Vol. 22, Trends in Molecular Medicine. Elsevier Ltd; 2016. p. 274-89.

Ferguson LR, Chen H, Collins AR, Connell M, Damia G, Dasgupta S, et al. Genomic
instability in human cancer: Molecular insights and opportunities for therapeutic attack
and prevention through diet and nutrition. Vol. 35, Seminars in Cancer Biology.
Academic Press; 2015. p. S5-24.

Comaills V, Kabeche L, Morris R, Buisson R, Yu M, Madden MW, et al. Genomic
Instability Is Induced by Persistent Proliferation of Cells Undergoing Epithelial-to-
Mesenchymal Transition. Cell Rep. 2016 Dec 6;17(10):2632-47.

Marusyk A, Janiszewska M, Polyak K. Intratumor Heterogeneity: The Rosetta Stone of
Therapy Resistance. Vol. 37, Cancer Cell. Cell Press; 2020. p. 471-84.

Sun XX, Yu Q. Intra-tumor heterogeneity of cancer cells and its implications for cancer
treatment. Vol. 36, Acta Pharmacologica Sinica. Nature Publishing Group; 2015. p.
1219-27.

Groothuizen FS, Sixma TK. The conserved molecular machinery in DNA mismatch
repair enzyme structures. Vol. 38, DNA Repair. Elsevier B.V.; 2016. p. 14-23.

Siegel RL, Miller KD, Goding Sauer A, Fedewa SA, Butterly LF, Anderson JC, et al.
Colorectal cancer statistics, 2020. CA Cancer J Clin. 2020 May;70(3):145-64.

Kushi et al. American cancer society releases guidelines on nutrition and physical

activity for cancer prevention. VVol. 66, American Family Physician. 2002.

Fischer K, Al-Sawaf O, Bahlo J, Fink AM, Tandon M, Dixon M, et al. Venetoclax and
Obinutuzumab in Patients with CLL and Coexisting Conditions. New England Journal
of Medicine. 2019 Jun 6;380(23):2225-36.

93



123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

de Visser KE, Joyce JA. The evolving tumor microenvironment: From cancer initiation
to metastatic outgrowth. VVol. 41, Cancer Cell. Cell Press; 2023. p. 374-403.

Castells M, Thibault B, Delord JP, Couderc B. Implication of tumor microenvironment
in chemoresistance: Tumor-associated stromal cells protect tumor cells from cell death.
Vol. 13, International Journal of Molecular Sciences. Multidisciplinary Digital
Publishing Institute (MDPI); 2012. p. 9545-71.

Chen F, Zhuang X, Lin L, Yu P, Wang Y, Shi Y, et al. New horizons in tumor
microenvironment biology: Challenges and opportunities. Vol. 13, BMC Medicine.
BioMed Central Ltd.; 2015.

Chen CY, Yang SH, Chang PY, Chen SF, Nieh S, Huang WY, et al. Cancer-Associated-
Fibroblast-Mediated Paracrine and Autocrine SDF-1/CXCR4 Signaling Promotes
Stemness and Aggressiveness of Colorectal Cancers. Cells. 2024 Aug 1;13(16).

Moller G, Moller E. The Concept of Immunological Surveillance against Neoplasia.
Immunol  Rev  [Internet]. 1976 Jan  1;28(1):3-17.  Available  from:
https://doi.org/10.1111/j.1600-065X.1976.tb00189.x

Wang M, Zhao J, Zhang L, Wei F, Lian Y, Wu Y, et al. Role of tumor microenvironment
in tumorigenesis. Vol. 8, Journal of Cancer. Ivyspring International Publisher; 2017. p.
761-73.

Lorusso G, Riegg C. The tumor microenvironment and its contribution to tumor
evolution toward metastasis. VVol. 130, Histochemistry and Cell Biology. 2008. p. 1091
103.

Dominiak A, Chelstowska B, Olejarz W, Nowicka G. Communication in the cancer
microenvironment as a target for therapeutic interventions. VVol. 12, Cancers. MDPI AG;
2020.

Wang Q, Shao X, Zhang Y, Zhu M, Wang FXC, Mu J, et al. Role of tumor
microenvironment in cancer progression and therapeutic strategy. Vol. 12, Cancer
Medicine. John Wiley and Sons Inc; 2023. p. 11149-65.

Alizadeh AA, Aranda V, Bardelli A, Blanpain C, Bock C, Borowski C, et al. Toward
understanding and exploiting tumor heterogeneity. Vol. 21, Nature Medicine. Nature
Publishing Group; 2015. p. 846-53.

94



133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Fidler 1J, Poste G. From the Archives The “seed and soil” hypothesis revisited [Internet].
Vol. 9, www.thelancet.com/oncology. 2008. Available from:

www.thelancet.com/oncology

F DH. Tumors: Wounds That Do Not Heal. New England Journal of Medicine [Internet].
1986 Dec 25;315(26):1650-9. Available from:
https://doi.org/10.1056/NEJM198612253152606

BURNET M. CHAPTER VIII - IMMUNOLOGICAL SURVEILLANCE. In: BURNET
M, editor. Immunological Surveillance [Internet]. Pergamon; 1970. p. 161-85. Available
from: https://www.sciencedirect.com/science/article/pii/B9780080174815500122

Ribatti D. Oncotarget 7175 www.impactjournals.com/oncotarget The concept of
immune surveillance against tumors: The first theories [Internet]. Vol. 8, Oncotarget.

2017. Available from: www.impactjournals.com/oncotarget/
Bissell MJ, Radisky D. Putting tumours in context. Nat Rev Cancer. 2001;1(1):46-54.

Hanahan D, Coussens LM. Accessories to the Crime: Functions of Cells Recruited to the
Tumor Microenvironment. Vol. 21, Cancer Cell. Cell Press; 2012. p. 309-22.

Quail DF, Joyce JA. Microenvironmental regulation of tumor progression and
metastasis. VVol. 19, Nature Medicine. 2013. p. 1423-37.

Chen DS, Mellman 1. Elements of cancer immunity and the cancer-immune set point.
Vol. 541, Nature. Nature Publishing Group; 2017. p. 321-30.

Quail DF, Joyce JA. Microenvironmental regulation of tumor progression and
metastasis. VVol. 19, Nature Medicine. 2013. p. 1423-37.

Wessel KM, Kaplan RN. Targeting tumor microenvironment and metastasis in children
with solid tumors. Vol. 34, Current Opinion in Pediatrics. Lippincott Williams and
Wilkins; 2022. p. 53-60.

Chen DS, Mellman I. Oncology meets immunology: The cancer-immunity cycle. Vol.
39, Immunity. 2013. p. 1-10.

Binnewies M, Roberts EW, Kersten K, Chan V, Fearon DF, Merad M, et al.
Understanding the tumor immune microenvironment (TIME) for effective therapy. Nat
Med. 2018 May 1;24(5):541-50.

95



145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Binnewies M, Roberts EW, Kersten K, Chan V, Fearon DF, Merad M, et al.
Understanding the tumor immune microenvironment (TIME) for effective therapy. Nat
Med. 2018 May 1;24(5):541-50.

Fares CM, Eliezer ;, Van Allen M, Drake CG, Allison JP, Hu-Lieskovan S.
DEVELOPMENTAL IMMUNOTHERAPY AND TUMOR IMMUNOBIOLOGY
Mechanisms of Resistance to Immune Checkpoint Blockade: Why Does Checkpoint
Inhibitor Immunotherapy Not Work for All Patients? 2024; Available from:
https://doi.org/

Kalluri R, Zeisberg M. Fibroblasts in cancer. Nat Rev Cancer [Internet]. 2006;6(5):392—
401. Available from: https://doi.org/10.1038/nrc1877

Sahai E, Astsaturov I, Cukierman E, DeNardo DG, Egeblad M, Evans RM, et al. A
framework for advancing our understanding of cancer-associated fibroblasts. Vol. 20,

Nature Reviews Cancer. Nature Research; 2020. p. 174-86.

Yin J, Zhu W, Feng S, Yan P, Qin S. The role of cancer-associated fibroblasts in the
invasion and metastasis of colorectal cancer. Vol. 12, Frontiers in Cell and

Developmental Biology. Frontiers Media SA; 2024.

Jenkins BH, Buckingham JF, Hanley CJ, Thomas GJ. Targeting cancer-associated
fibroblasts: Challenges, opportunities and future directions. VVol. 240, Pharmacology and

Therapeutics. Elsevier Inc.; 2022.

Linares J, Marin-Jiménez JA, Badia-Ramentol J, Calon A. Determinants and Functions
of CAFs Secretome During Cancer Progression and Therapy. Vol. 8, Frontiers in Cell
and Developmental Biology. Frontiers Media S.A.; 2021.

Tomasek JJ, Gabbiani G, Hinz B, Chaponnier C, Brown RA. Myofibroblasts and
mechano-regulation of connective tissue remodelling. Nat Rev Mol Cell Biol [Internet].
2002;3(5):349-63. Available from: https://doi.org/10.1038/nrm809

Chen CY, Yang SH, Chang PY, Chen SF, Nieh S, Huang WY, et al. Cancer-Associated-
Fibroblast-Mediated Paracrine and Autocrine SDF-1/CXCR4 Signaling Promotes
Stemness and Aggressiveness of Colorectal Cancers. Cells. 2024 Aug 1;13(16).

Ohlund D, Elyada E, Tuveson D. Fibroblast heterogeneity in the cancer wound. Vol.
211, Journal of Experimental Medicine. Rockefeller University Press; 2014. p. 1503-23.

96



155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Servais C, Erez N. From sentinel cells to inflammatory culprits: Cancer-associated
fibroblasts in tumour-related inflammation. Vol. 229, Journal of Pathology. 2013. p.
198-207.

Liu T, Han C, Wang S, Fang P, Ma Z, Xu L, et al. Cancer-associated fibroblasts: An
emerging target of anti-cancer immunotherapy. Vol. 12, Journal of Hematology and
Oncology. BioMed Central Ltd.; 2019.

Cirri P, Chiarugi P. Cancer-associated-fibroblasts and tumour cells: A diabolic liaison

driving cancer progression. VVol. 31, Cancer and Metastasis Reviews. 2012. p. 195-208.

Sahai E, Astsaturov I, Cukierman E, DeNardo DG, Egeblad M, Evans RM, et al. A
framework for advancing our understanding of cancer-associated fibroblasts. Vol. 20,
Nature Reviews Cancer. Nature Research; 2020. p. 174-86.

Ohlund D, Handly-Santana A, Biffi G, Elyada E, Almeida AS, Ponz-Sarvise M, et al.
Distinct populations of inflammatory fibroblasts and myofibroblasts in pancreatic
cancer. J Exp Med. 2017 Mar 6;214(3):579-96.

Chen PY, Wei WF, Wu HZ, Fan LS, Wang W. Cancer-Associated Fibroblast
Heterogeneity: A Factor That Cannot Be Ignored in Immune Microenvironment

Remodeling. VVol. 12, Frontiers in Immunology. Frontiers Media S.A.; 2021.

Li G, Chen Z. Challenges of Targeting Tumor Microenvironment in Prostate Cancer

[Internet]. 2024 Aug. Available from: www.intechopen.com

Forsthuber A, Aschenbrenner B, Korosec A, Jacob T, Annusver K, Krajic N, et al.
Cancer-associated fibroblast subtypes modulate the tumor-immune microenvironment
and are associated with skin cancer malignancy. Nat Commun [Internet]. 2024 Nov
8;15(1):9678. Available from: https://www.nature.com/articles/s41467-024-53908-9

Busch S, Landberg G. CAF-specific markers: role of the TGFp pathway [Internet]. Vol.

2, Oncoscience. 2015. Available from: www.impactjournals.com/oncoscience/

Chung JYF, Chan MKK, Li JSF, Chan ASW, Tang PCT, Leung KT, et al. Tgf-$
signaling: From tissue fibrosis to tumor microenvironment. VVol. 22, International Journal
of Molecular Sciences. MDPI; 2021.

Nie SC, Jing YH, Lu L, Ren SS, Ji G, Xu HC. Mechanisms of myeloid-derived

suppressor cell-mediated immunosuppression in colorectal cancer and related therapies.

97



166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Vol. 16, World Journal of Gastrointestinal Oncology. Baishideng Publishing Group Inc;
2024. p. 1690-704.

Gilardi L, Farulla LSA, Demirci E, Clerici I, Sale EO, Ceci F. Imaging Cancer-
Associated Fibroblasts (CAFs) with FAPi PET. Vol. 10, Biomedicines. MDPI; 2022.

Kalluri R. The biology and function of fibroblasts in cancer. VVol. 16, Nature Reviews
Cancer. Nature Publishing Group; 2016. p. 582-98.

Raz Y, Cohen N, Shani O, Bell RE, Novitskiy S V., Abramovitz L, et al. Bone marrow-
derived fibroblasts are a functionally distinct stromal cell population in breast cancer.
Journal of Experimental Medicine. 2018 Dec 1;215(12):3075-93.

Naito Y, Yoshioka Y, Ochiya T. Intercellular crosstalk between cancer cells and cancer-
associated fibroblasts via extracellular vesicles. VVol. 22, Cancer Cell International.
BioMed Central Ltd; 2022.

Ganguly D, Chandra R, Karalis J, Teke M, Aguilera T, Maddipati R, et al. Cancer-
associated fibroblasts: Versatile players in the tumor microenvironment. Vol. 12,
Cancers. MDPI AG; 2020. p. 1-35.

Zhao H, Wei J, Sun J. Roles of TGF-p signaling pathway in tumor microenvirionment

and cancer therapy. Vol. 89, International Immunopharmacology. Elsevier B.V.; 2020.

Dillon M, Lopez A, Lin E, Sales D, Perets R, Jain P. cancers Progress on Ras/MAPK
Signaling Research and Targeting in Blood and Solid Cancers. 2021; Available from:
https://doi.org/10.3390/cancers

Barbosa R, Acevedo LA, Marmorstein R. The MEK/ERK Network as a Therapeutic
Target in Human Cancer. Vol. 19, Molecular cancer research : MCR. NLM (Medline);
2021. p. 361-74.

Yaeger R, Corcoran RB. Targeting alterations in the RAF-MEK pathway. Vol. 9, Cancer

Discovery. American Association for Cancer Research Inc.; 2019. p. 329-41.

Tokhanbigli S, Haghi M, Dua K, Oliver BGG. Cancer-associated fibroblast cell surface
markers as potential biomarkers or therapeutic targets in lung cancer. Cancer Drug
Resistance. 2024 Sep 10;

98



176.

177.

178.

179.

180.

181.

182.

183.

184.

Yoshida GJ. Regulation of heterogeneous cancer-associated fibroblasts: The molecular
pathology of activated signaling pathways. Vol. 39, Journal of Experimental and Clinical
Cancer Research. BioMed Central; 2020.

Biffi G, Oni TE, Spielman B, Hao Y, Elyada E, Park Y, et al. ll1-induced Jak/STAT
signaling is antagonized by TGFp to shape CAF heterogeneity in pancreatic ductal
adenocarcinoma. Cancer Discov. 2019;9(2):282—301.

Gascard P, Tlsty TD. Carcinoma-associated fibroblasts: orchestrating the composition
of malignancy. 2016; Available from:
http://www.genesdev.org/cgi/doi/10.1101/gad.279737.

Wang K, Qiu X, Zhao Y, Wang H, Chen L. The Wnt/B-catenin signaling pathway in the
tumor microenvironment of hepatocellular carcinoma. Vol. 19, Cancer Biology and
Medicine. Cancer Biology and Medicine; 2022. p. 305-18.

Li H, Liu W, Zhang X, Wang YF. Cancer-associated fibroblast-secreted collagen triple
helix repeat containing-1 promotes breast cancer cell migration, invasiveness and
epithelial-mesenchymal transition by activating the Wnt/pB-catenin pathway. Oncol Lett.
2021 Dec 1;22(6).

Zhang Q, Wang Y, Liu F. Cancer-associated fibroblasts: Versatile mediators in
remodeling the tumor microenvironment. Cell Signal. 2023 Mar 1;103.

Huang J, Huang J, Huang J, Zhou L, Zhou L, Zhou L, et al. Extracellular matrix and its
therapeutic potential for cancer treatment. Signal Transduct Target Ther [Internet]. 2021
Apr 23;6. Available from: https://discovery.researcher.life/article/extracellular-matrix-
and-its-therapeutic-potential-for-cancer-
treatment/fel7cf2e67893f57a0fb0e26b838a106

Yang D, Liu J, Qian H, Zhuang Q. Cancer-associated fibroblasts: from basic science to
anticancer therapy. Vol. 55, Experimental and Molecular Medicine. Springer Nature;
2023. p. 1322-32.

Wu F, Yang J, Liu J, Wang Y, Mu J, Zeng Q, et al. Signaling pathways in cancer-
associated fibroblasts and targeted therapy for cancer. Vol. 6, Signal Transduction and

Targeted Therapy. Springer Nature; 2021.

99



185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

GuJ, Li X, ZhaolL, Yang Y, Xue C, Gao Y, et al. The role of PKM2 nuclear translocation
in the constant activation of the NF-xB signaling pathway in cancer-associated
fibroblasts. Cell Death Dis. 2021 Apr 1;12(4).

Chen C, Liu J, Lin X, Xiang A, Ye Q, Guo J, et al. Crosstalk between cancer-associated
fibroblasts and regulated cell death in tumors: insights into apoptosis, autophagy,
ferroptosis, and pyroptosis. VVol. 10, Cell Death Discovery. Springer Nature; 2024.

Lu C, Liu Y, Ali NM, Zhang B, Cui X. The role of innate immune cells in the tumor
microenvironment and research progress in anti-tumor therapy. Vol. 13, Frontiers in

Immunology. Frontiers Media S.A.; 2023.

Lei X, Lei Y, Li JK, Du WX, Li RG, Yang J, et al. Immune cells within the tumor
microenvironment: Biological functions and roles in cancer immunotherapy. Vol. 470,
Cancer Letters. Elsevier Ireland Ltd; 2020. p. 126-33.

Mantovani A. Wandering pathways in the regulation of innate immunity and
inflammation. Vol. 85, Journal of Autoimmunity. Academic Press; 2017. p. 1-5.

Mantovani A, Ponzetta A, Inforzato A, Jaillon S. Innate immunity, inflammation and
tumour progression: double-edged swords. J Intern Med. 2019 May 1;285(5):524-32.

Jung H, Paust S. Chemokines in the tumor microenvironment: implications for lung
cancer and immunotherapy. Vol. 15, Frontiers in Immunology. Frontiers Media SA;
2024.

Vesely MD, Kershaw MH, Schreiber RD, Smyth MJ. Natural innate and adaptive
immunity to cancer. Annu Rev Immunol. 2011 Apr 23;29:235-71.

Gordon S, Taylor PR. Monocyte and macrophage heterogeneity. VVol. 5, Nature Reviews
Immunology. 2005. p. 953-64.

Yang Q, Guo N, Zhou Y, Chen J, Wei Q, Han M. The role of tumor-associated
macrophages (TAMS) in tumor progression and relevant advance in targeted therapy.
Vol. 10, Acta Pharmaceutica Sinica B. Chinese Academy of Medical Sciences; 2020. p.
2156-70.

Ghebremedhin A, Athavale D, Zhang Y, Yao X, Balch C, Song S. Tumor-Associated
Macrophages as Major Immunosuppressive Cells in the Tumor Microenvironment. Vol.
16, Cancers. Multidisciplinary Digital Publishing Institute (MDPI); 2024.

100



196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

Noy R, Pollard JW. Tumor-Associated Macrophages: From Mechanisms to Therapy.
Vol. 41, Immunity. Cell Press; 2014. p. 49-61.

Condeelis J, Pollard JW. Macrophages: Obligate partners for tumor cell migration,
invasion, and metastasis. VVol. 124, Cell. Elsevier B.V.; 2006. p. 263-6.

Joyce JA, Pollard JW. Microenvironmental regulation of metastasis. VVol. 9, Nature
Reviews Cancer. 2009. p. 239-52.

Kimm MA, Klenk C, Alunni-Fabbroni M, Kastle S, Stechele M, Ricke J, et al. Tumor-
associated macrophages—implications for molecular oncology and imaging. Vol. 9,
Biomedicines. MDPI AG; 2021.

Mantovani A, Biswas SK, Galdiero MR, Sica A, Locati M. Macrophage plasticity and
polarization in tissue repair and remodelling. Vol. 229, Journal of Pathology. 2013. p.
176-85.

Pan Y, Yu Y, Wang X, Zhang T. Tumor-Associated Macrophages in Tumor Immunity.
Vol. 11, Frontiers in Immunology. Frontiers Media S.A.; 2020.

Zhang W, Wang M, Ji C, Liu X, Gu B, Dong T. Macrophage polarization in the tumor
microenvironment: Emerging roles and therapeutic potentials. VVol. 177, Biomedicine

and Pharmacotherapy. Elsevier Masson s.r.l.; 2024.

Ruffell B, Affara NI, Coussens LM. Differential macrophage programming in the tumor

microenvironment. VVol. 33, Trends in Immunology. 2012. p. 119-26.

Sun L, Su Y, Jiao A, Wang X, Zhang B. T cells in health and disease. Vol. 8, Signal
Transduction and Targeted Therapy. Springer Nature; 2023.

Yang Q, Jeremiah Bell J, Bhandoola A. T-cell lineage determination. Immunol Rev.
2010 Nov;238(1):12-22.

Yui MA, Rothenberg E V. Developmental gene networks: A triathlon on the courseto T
cell identity. Vol. 14, Nature Reviews Immunology. Nature Publishing Group; 2014. p.
529-45.

Hosokawa H, Rothenberg E V. Cytokines, transcription factors, and the initiation of T-
cell development. Cold Spring Harb Perspect Biol. 2018 May 1;10(5).

Hosokawa H, Rothenberg E V. How transcription factors drive choice of the T cell fate.

Vol. 21, Nature Reviews Immunology. Nature Research; 2021. p. 162—76.

101



209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaustion. Vol. 15,
Nature Reviews Immunology. Nature Publishing Group; 2015. p. 486-99.

Scharping NE, Menk A V., Moreci RS, Whetstone RD, Dadey RE, Watkins SC, et al.
The Tumor Microenvironment Represses T Cell Mitochondrial Biogenesis to Drive
Intratumoral T Cell Metabolic Insufficiency and Dysfunction. Immunity.
2016;45(2):374-88.

Sukumar M, Liu J, Ji Y, Subramanian M, Crompton JG, Yu Z, et al. Inhibiting glycolytic
metabolism enhances CD8+ T cell memory and antitumor function. Journal of Clinical
Investigation. 2013 Oct 1;123(10):4479-88.

Pauken KE, Wherry EJ. Overcoming T cell exhaustion in infection and cancer. Vol. 36,
Trends in Immunology. Elsevier Ltd; 2015. p. 265-76.

Pauken KE, Sammons MA, Odorizzi PM, Manne S, Godec J, Khan O, et al. Epigenetic
stability of exhausted T cells limits durability of reinvigoration by PD-1 blockade.
Science (1979). 2016 Dec 2;354(6316):1160-5.

Zhu J, Yamane H, Paul WE. Differentiation of effector CD4+ T cell populations. Vol.
28, Annual Review of Immunology. 2010. p. 445-89.

Chen DS, Mellman 1. Elements of cancer immunity and the cancer-immune set point.
Vol. 541, Nature. Nature Publishing Group; 2017. p. 321-30.

Tanaka A, Sakaguchi S. Regulatory T cells in cancer immunotherapy. Vol. 27, Cell
Research. Nature Publishing Group; 2017. p. 109-18.

Wang Y, Li J, Nakahata S, Iha H. Complex Role of Regulatory T Cells (Tregs) in the
Tumor Microenvironment: Their Molecular Mechanisms and Bidirectional Effects on
Cancer Progression. Vol. 25, International Journal of Molecular Sciences.
Multidisciplinary Digital Publishing Institute (MDPI); 2024.

Ryba-Stanistawowska M. Unraveling Th subsets: insights into their role in immune
checkpoint inhibitor therapy. Cellular Oncology. Springer Science and Business Media
B.V.; 2024,

Silva RCMC, Lopes MF, Travassos LH. Distinct T helper cell-mediated antitumor
immunity: T helper 2 cells in focus. Vol. 1, Cancer Pathogenesis and Therapy. Chinese
Medical Association; 2023. p. 76-86.

102



220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

Li C, Jiang P, Wei S, Xu X, Wang J. Regulatory T cells in tumor microenvironment:
New mechanisms, potential therapeutic strategies and future prospects. Vol. 19,
Molecular Cancer. BioMed Central; 2020.

Togashi Y, Shitara K, Nishikawa H. Regulatory T cells in cancer immunosuppression
— implications for anticancer therapy. Nat Rev Clin Oncol [Internet]. 2019;16(6):356—
71. Available from: https://doi.org/10.1038/s41571-019-0175-7

Del Prete A, Salvi V, Soriani A, Laffranchi M, Sozio F, Bosisio D, et al. Dendritic cell
subsets in cancer immunity and tumor antigen sensing. VVol. 20, Cellular and Molecular

Immunology. Springer Nature; 2023. p. 432-47.

Xiao Z, Wang R, Wang X, Yang H, Dong J, He X, et al. Impaired function of dendritic
cells within the tumor microenvironment. VVol. 14, Frontiers in Immunology. Frontiers
Media SA; 2023.

Yang L, Li S, Chen L, Zhang Y. Emerging roles of plasmacytoid dendritic cell crosstalk
in tumor immunity. Vol. 20, Cancer Biology and Medicine. Cancer Biology and
Medicine; 2023. p. 1-20.

Carmeliet P, Jain RK. Molecular mechanisms and clinical applications of angiogenesis.
Vol. 473, Nature. 2011. p. 298-307.

Ferrara N. Vascular endothelial growth factor: Basic science and clinical progress. Vol.
25, Endocrine Reviews. 2004. p. 581-611.

Jain RK. Normalization of Tumor Vasculature: An Emerging Concept in Antiangiogenic
Therapy. Science (1979) [Internet]. 2005 Jan 7;307(5706):58-62. Available from:
https://doi.org/10.1126/science.1104819

Chen Y, McAndrews KM, Kalluri R. Clinical and therapeutic relevance of cancer-
associated fibroblasts. Vol. 18, Nature Reviews Clinical Oncology. Nature Research;
2021. p. 792-804.

Qian BZ, Pollard JW. Macrophage Diversity Enhances Tumor Progression and
Metastasis. VVol. 141, Cell. Elsevier B.V.; 2010. p. 39-51.

Noy R, Pollard JW. Tumor-Associated Macrophages: From Mechanisms to Therapy.
Vol. 41, Immunity. Cell Press; 2014. p. 49-61.

103



231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

Bergers G, Song S, Meyer-Morse N, Bergsland E, Hanahan D. Benefits of targeting both
pericytes and endothelial cells in the tumor vasculature with kinase inhibitors. Journal of
Clinical Investigation. 2003 May;111(9):1287-95.

Bergers G, Song S. The role of pericytes in blood-vessel formation and maintenance.
Vol. 7, Neuro-Oncology. 2005. p. 452—64.

Lu P, Weaver VM, Werb Z. The extracellular matrix: A dynamic niche in cancer
progression. Vol. 196, Journal of Cell Biology. 2012. p. 395-406.

Hynes RO, Naba A. Overview of the matrisome-An inventory of extracellular matrix

constituents and functions. Cold Spring Harb Perspect Biol. 2012 Jan;4(1).

Henke E, Nandigama R, Ergiin S. Extracellular Matrix in the Tumor Microenvironment
and Its Impact on Cancer Therapy. Vol. 6, Frontiers in Molecular Biosciences. Frontiers
Media S.A.; 2020.

Malandrino A, Mak M, Kamm RD, Moeendarbary E. Complex mechanics of the
heterogeneous extracellular matrix in cancer. Vol. 21, Extreme Mechanics Letters.
Elsevier Ltd; 2018. p. 25-34.

Naba A, Clauser KR, Hoersch S, Liu H, Carr SA, Hynes RO. The matrisome: In silico
definition and in vivo characterization by proteomics of normal and tumor extracellular

matrices. Molecular and Cellular Proteomics. 2012 Apr;11(4).

Hynes RO, Naba A. Overview of the matrisome-An inventory of extracellular matrix

constituents and functions. Cold Spring Harb Perspect Biol. 2012 Jan;4(1).

Paszek MJ, Zahir N, Johnson KR, Lakins JN, Rozenberg GI, Gefen A, et al. Tensional
homeostasis and the malignant phenotype. Cancer Cell. 2005;8(3):241-54.

Egeblad M, Rasch MG, Weaver VM. Dynamic interplay between the collagen scaffold
and tumor evolution. Vol. 22, Current Opinion in Cell Biology. 2010. p. 697-706.

Cox TR, Erler JT. Remodeling and homeostasis of the extracellular matrix: Implications
for fibrotic diseases and cancer. VVol. 4, DMM Disease Models and Mechanisms. 2011.
p. 165-78.

Levental KR, Yu H, Kass L, Lakins JN, Egeblad M, Erler JT, et al. Matrix Crosslinking
Forces Tumor Progression by Enhancing Integrin Signaling. Cell. 2009 Nov
25;139(5):891-906.

104



243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

Henke E, Nandigama R, Ergiin S. Extracellular Matrix in the Tumor Microenvironment
and Its Impact on Cancer Therapy. Vol. 6, Frontiers in Molecular Biosciences. Frontiers
Media S.A.; 2020.

Wullkopf L, West AK V., Leijnse N, Cox TR, Madsen CD, Oddershede LB, et al. Cancer
cells’ ability to mechanically adjust to extracellular matrix stiffness correlates with their

invasive potential. Mol Biol Cell. 2018 Oct 1;29(20):2378-85.

Mai Z, Lin Y, Lin P, Zhao X, Cui L. Modulating extracellular matrix stiffness: a strategic
approach to boost cancer immunotherapy. Vol. 15, Cell Death and Disease. Springer
Nature; 2024.

Kauppila S, Stenback F, Risteli J, Jukkola A, Risteli L. Aberrant type | and type Il
collagen gene expression in human breast cancer in vivo. Journal of Pathology. 1998
Nov;186(3):262-8.

Zhu D, Zeng S, Su C, Li J, Xuan Y, Lin Y, et al. The interaction between DNA
methylation and tumor immune microenvironment: from the laboratory to clinical
applications. Vol. 16, Clinical Epigenetics. BioMed Central Ltd; 2024.

de Visser KE, Joyce JA. The evolving tumor microenvironment: From cancer initiation
to metastatic outgrowth. Vol. 41, Cancer Cell. Cell Press; 2023. p. 374-403.

Bonnans C, Chou J, Werb Z. Remodelling the extracellular matrix in development and
disease. Vol. 15, Nature Reviews Molecular Cell Biology. Nature Publishing Group;
2014. p. 786-801.

Hoekstra ME, Slagter M, Urbanus J, Toebes M, Slingerland N, de Rink I, et al. Distinct
spatiotemporal dynamics of CD8+ T cell-derived cytokines in the tumor
microenvironment. Cancer Cell. 2024 Jan 8;42(1):157-167.€9.

Abdul-Rahman T, Ghosh S, Badar SM, Nazir A, Bamigbade GB, Aji N, et al. The
paradoxical role of cytokines and chemokines at the tumor microenvironment: a
comprehensive review. Vol. 29, European Journal of Medical Research. BioMed Central
Ltd; 2024.

Habanjar O, Bingula R, Decombat C, Diab-Assaf M, Caldefie-Chezet F, Delort L.
Crosstalk of Inflammatory Cytokines within the Breast Tumor Microenvironment. Vol.
24, International Journal of Molecular Sciences. Multidisciplinary Digital Publishing
Institute (MDPI); 2023.

105



253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

Jung H, Paust S. Chemokines in the tumor microenvironment: implications for lung
cancer and immunotherapy. Vol. 15, Frontiers in Immunology. Frontiers Media SA,
2024.

Balkwill FR, Capasso M, Hagemann T. The tumor microenvironment at a glance. J Cell
Sci. 2012 Dec;125(23):5591-6.

Logan P, Burnier J, Burnier MN. Vascular endothelial growth factor expression and

inhibition in uveal melanoma cell lines. Ecancermedicalscience. 2013 Jul 31;7(1).

Colegio OR, Chu NQ, Szabo AL, Chu T, Rhebergen AM, Jairam V, et al. Functional
polarization of tumour-associated macrophages by tumour-derived lactic acid. Nature.
2014 Sep 25;513(7519):559-63.

Liu Y, Yin T, Feng Y, Cona MM, Huang G, Liu J, et al. Mammalian models of
chemically induced primary malignancies exploitable for imaging-based preclinical
theragnostic research. Quant Imaging Med Surg [Internet]. 2015 Oct;5(5):708-29.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/26682141

Zlotnik A, Yoshie O. The Chemokine Superfamily Revisited. VVol. 36, Immunity. Cell
Press; 2012. p. 705-16.

Hoshino A, Costa-Silva B, Shen TL, Rodrigues G, Hashimoto A, Tesic Mark M, et al.
Tumour exosome integrins determine organotropic metastasis. Nature. 2015;527(7578).

Becker A, Thakur BK, Weiss JM, Kim HS, Peinado H, Lyden D. Extracellular Vesicles
in Cancer: Cell-to-Cell Mediators of Metastasis. VVol. 30, Cancer Cell. Cell Press; 2016.
p. 836-48.

Wu J, Zheng D, Wang H, Zhou Z, Yang Q, Wu J, et al. Trends in research of exosomes
associated with breast cancer over the past decade: a scientometric analysis. Front Oncol.
2023;13.

Grigoryeva ES, Savelieva OE, Popova NO, Cherdyntseva N V., Perelmuter VM. Do
tumor exosome integrins alone determine organotropic metastasis? Vol. 47, Molecular

Biology Reports. 2020.

Brown CE, Badie B, Barish ME, Weng L, Julie R, Chang W chung, et al. Tumour

exosome integrins determine organotropic metastasis. Nature. 2015;21(18).

106



264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

Brown JM, Wilson WR. Exploiting tumour hypoxia in cancer treatment. \Vol. 4, Nature
Reviews Cancer. Nature Publishing Group; 2004. p. 437-47.

Semenza GL. Hypoxia-inducible factors in physiology and medicine. Vol. 148, Cell.
Elsevier B.V.; 2012. p. 399-408.

Chen G, Wu K, Li H, Xia D, He T. Role of hypoxia in the tumor microenvironment and
targeted therapy. VVol. 12, Frontiers in Oncology. Frontiers Media S.A.; 2022.

Heiden MGV, Cantley LC, Thompson CB. Understanding the warburg effect: The
metabolic requirements of cell proliferation. Vol. 324, Science. 2009. p. 1029-33.

Lyssiotis CA, Kimmelman AC. Metabolic Interactions in the Tumor Microenvironment.
Vol. 27, Trends in Cell Biology. Elsevier Ltd; 2017. p. 863—75.

Nicolini A, Ferrari P. Involvement of tumor immune microenvironment metabolic
reprogramming in colorectal cancer progression, immune escape, and response to

immunotherapy. Vol. 15, Frontiers in Immunology. Frontiers Media SA; 2024.

Vaupel P, Mayer A. Hypoxia in cancer: Significance and impact on clinical outcome.
Vol. 26, Cancer and Metastasis Reviews. 2007. p. 225-39.

Jiang C, Kim JH, Li F, Qu A, Gavrilova O, Shah YM, et al. Hypoxia-inducible factor 1
a regulates a SOCS3-STAT3-adiponectin signal transduction pathway in adipocytes.
Journal of Biological Chemistry. 2013 Feb 8;288(6):3844-57.

Gonzalez-Avila G, Sommer B, Flores-Soto E, Aquino-Galvez A. Hypoxic Effects on
Matrix Metalloproteinases’ Expression in the Tumor Microenvironment and Therapeutic
Perspectives. Vol. 24, International Journal of Molecular Sciences. Multidisciplinary
Digital Publishing Institute (MDPI); 2023.

Verdina A, Garufi A, D’Orazi V, D’Orazi G. HIPK2 in Colon Cancer: A Potential
Biomarker for Tumor Progression and Response to Therapies. Vol. 25, International
Journal of Molecular Sciences. Multidisciplinary Digital Publishing Institute (MDPI);
2024.

Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy. Vol. 12,
Nature Reviews Cancer. 2012. p. 252-64.

107



275.

2176.

277.

278.

279.

280.

281.

282.

283.

284.

Cai L, Li Y, Tan J, Xu L, Li Y. Targeting LAG-3, TIM-3, and TIGIT for cancer
immunotherapy. Vol. 16, Journal of Hematology and Oncology. BioMed Central Ltd;
2023.

Kraehenbuehl L, Weng CH, Eghbali S, Wolchok JD, Merghoub T. Enhancing
immunotherapy in cancer by targeting emerging immunomodulatory pathways. Nat Rev
Clin Oncol [Internet]. 2022;19(1):37-50. Available from:
https://doi.org/10.1038/s41571-021-00552-7

Bilotta MT, Antignani A, Fitzgerald DJ. Managing the TME to improve the efficacy of

cancer therapy. Vol. 13, Frontiers in Immunology. Frontiers Media S.A.; 2022.

Kim SK, Cho SW. The Evasion Mechanisms of Cancer Immunity and Drug Intervention
in the Tumor Microenvironment. Vol. 13, Frontiers in Pharmacology. Frontiers Media
S.A.; 2022.

Mundhara N, Sadhukhan P. Cracking the Codes behind Cancer Cells’ Immune Evasion.
Vol. 25, International Journal of Molecular Sciences. Multidisciplinary Digital
Publishing Institute (MDPI); 2024.

Gurska L, Gritsman K. Unveiling T cell evasion mechanisms to immune checkpoint
inhibitors in acute myeloid leukemia. Vol. 6, Cancer Drug Resistance. OAE Publishing
Inc.; 2023. p. 674-87.

Li YR, Halladay T, Yang L. Immune evasion in cell-based immunotherapy: unraveling
challenges and novel strategies. VVol. 31, Journal of Biomedical Science. BioMed Central
Ltd; 2024.

Dutta S, Ganguly A, Chatterjee K, Spada S, Mukherjee S. Targets of Immune Escape
Mechanisms in Cancer: Basis for Development and Evolution of Cancer Immune
Checkpoint Inhibitors. Vol. 12, Biology. MDPI; 2023.

Bindea G, Mlecnik B, Angell HK, Galon J. The immune landscape of human tumors:

Implications for cancer immunotherapy. Oncoimmunology. 2014;3(1).

Fridman WH, Pagés F, Sautes-Fridman C, Galon J. The immune contexture in human
tumours: impact on clinical outcome. Nat Rev Cancer [Internet]. 2012;12(4):298-306.
Available from: https://doi.org/10.1038/nrc3245

108



285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

Galluzzi L, Buque A, Kepp O, Zitvogel L, Kroemer G. Immunological Effects of
Conventional Chemotherapy and Targeted Anticancer Agents. Vol. 28, Cancer Cell. Cell
Press; 2015. p. 690-714.

Yang JC, Rosenberg SA. Adoptive T-Cell Therapy for Cancer. In: Advances in
Immunology. Academic Press Inc.; 2016. p. 279-94.

Rosenberg SA, Restifo NP. Adoptive cell transfer as personalized immunotherapy for
human cancer. Science (1979) [Internet]. 2015 Apr 3;348(6230):62—8. Available from:
https://doi.org/10.1126/science.aaa4967

Postow MA, Sidlow R, Hellmann MD. Immune-Related Adverse Events Associated
with Immune Checkpoint Blockade. New England Journal of Medicine. 2018 Jan
11;378(2):158-68.

Joyce JA, Fearon DT. T cell exclusion, immune privilege, and the tumor
microenvironment. Science (1979) [Internet]. 2015 Apr 3;348(6230):74-80. Available
from: https://doi.org/10.1126/science.aaa6204

Chen L, Jiang X, Li Y, Zhang Q, Li Q, Zhang X, et al. How to overcome tumor resistance
to anti-PD-1/PD-L1 therapy by immunotherapy modifying the tumor microenvironment
in MSS CRC. Vol. 237, Clinical Immunology. Academic Press Inc.; 2022.

Junttila MR, de Sauvage FJ. Influence of tumour micro-environment heterogeneity on
therapeutic response. Nature [Internet]. 2013;501(7467):346-54. Available from:
https://doi.org/10.1038/nature12626

Semenza GL. Hypoxia-inducible factors: coupling glucose metabolism and redox
regulation with induction of the breast cancer stem cell phenotype. EMBO J. 2017
Feb;36(3):252-9.

Batlle E, Clevers H. Cancer stem cells revisited. Nat Med [Internet]. 2017;23(10):1124—
34. Available from: https://doi.org/10.1038/nm.4409

Shibue T, Weinberg RA. EMT, CSCs, and drug resistance: The mechanistic link and
clinical implications. Vol. 14, Nature Reviews Clinical Oncology. Nature Publishing
Group; 2017. p. 611-29.

Colak S, Medema JP. Cancer stem cells - Important players in tumor therapy resistance.
FEBS Journal. 2014;281(21):4779-91.

109



296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

Ohlund D, Handly-Santana A, Biffi G, Elyada E, Almeida AS, Ponz-Sarvise M, et al.
Distinct populations of inflammatory fibroblasts and myofibroblasts in pancreatic
cancer. J Exp Med. 2017 Mar 6;214(3):579-96.

Egeblad M, Rasch MG, Weaver VM. Dynamic interplay between the collagen scaffold
and tumor evolution. VVol. 22, Current Opinion in Cell Biology. 2010. p. 697-706.

Feng B, Wu J, Shen B, Jiang F, Feng J. Cancer-associated fibroblasts and resistance to
anticancer therapies: status, mechanisms, and countermeasures. Vol. 22, Cancer Cell
International. BioMed Central Ltd; 2022.

Lei ZN, Tian Q, Teng QX, Wurpel JND, Zeng L, Pan Y, et al. Understanding and
targeting resistance mechanisms in cancer. Vol. 4, MedComm. John Wiley and Sons Inc;
2023.

Song W, Mazzieri R, Yang T, Gobe GC. Translational significance for tumor metastasis
of tumor-associated macrophages and epithelial-mesenchymal transition. Vol. 8,
Frontiers in Immunology. Frontiers Media S.A.; 2017.

Xie F, Xi N, Han Z, Luo W, Shen J, Luo J, et al. Progress in research on tumor

microenvironment-based spatial omics technologies. Oncol Res. 2023;31(6):877-85.

Sun C, Wang A, Zhou Y, Chen P, Wang X, Huang J, et al. Spatially resolved multi-
omics highlights cell-specific metabolic remodeling and interactions in gastric cancer.
Nat Commun. 2023 Dec 1;14(1).

Lee RY, Ng CW, Rajapakse MP, Ang N, Yeong JPS, Lau MC. The promise and
challenge of spatial omics in dissecting tumour microenvironment and the role of Al.
Vol. 13, Frontiers in Oncology. Frontiers Media S.A.; 2023.

Park S, Silva E, Singhal A, Kelly MR, Licon K, Panagiotou I, et al. A deep learning
model of tumor cell architecture elucidates response and resistance to CDK4/6 inhibitors.
Nat Cancer. 2024 Jul 1;5(7):996-1009.

Scheuermann S, Kristmann B, Engelmann F, Nuernbergk A, Scheuermann D, Koloseus
M, et al. Unveiling spatial complexity in solid tumor immune microenvironments

through multiplexed imaging. Front Immunol. 2024;15.

Schmidt KT, Chau CH, Price DK, Figg WD. Precision Oncology Medicine: The Clinical
Relevance of Patient-Specific Biomarkers Used to Optimize Cancer Treatment. \VVol. 56,
Journal of Clinical Pharmacology. Blackwell Publishing Inc.; 2016. p. 1484-99.

110



307.

308.

300.

310.

311.

312.

313.

314.

315.

Eissa A, Zoeir A, Sighinolfi MC, Puliatti S, Bevilacqua L, Del Prete C, et al. “Real-time”
Assessment of Surgical Margins During Radical Prostatectomy: State-of-the-Art. VVol.
18, Clinical Genitourinary Cancer. Elsevier Inc.; 2020. p. 95-104.

Peng X, Wang Y, Zhang J, Zhang Z, Qi S. Intravital imaging of the functions of immune
cells in the tumor microenvironment during immunotherapy. Vol. 14, Frontiers in

Immunology. Frontiers Media SA; 2023.

Chen T, Wang M, Chen Y, Cao Y, Liu Y. Advances in predictive biomarkers associated
with immunotherapy in extensive-stage small cell lung cancer. Vol. 14, Cell and
Bioscience. BioMed Central Ltd; 2024.

Wang Y, Jiang Z, Zhang K, Tang H, Wang G, Gao J, et al. Whole-Tumor Clearing and
Imaging of Intratumor Microbiota in Three Dimensions with miCDalL Strategy.
Advanced Science [Internet]. 2024 Nov  8;11(44). Available from:
https://onlinelibrary.wiley.com/doi/10.1002/advs.202400694

Domingues M, Leite Pereira C, Sarmento B, Castro F. Mimicking 3D breast tumor-
stromal interactions to screen novel cancer therapeutics. European Journal of
Pharmaceutical Sciences. 2023 Nov 1;190.

Li Y, Gao X, Ni C, Zhao B, Cheng X. The application of patient-derived organoid in the
research of lung cancer. Vol. 46, Cellular Oncology. Springer Science and Business
Media B.V.; 2023. p. 503-19.

Liu Y, Wu Z, Fu Z, Han Y, Wang J, Zhang Y, et al. A predictive model of immune
infiltration and prognosis of head and neck squamous cell carcinoma based on cell
adhesion-related genes: including molecular biological validation. Front Immunol.
2023;14.

Chen T, Wang M, Chen Y, Cao Y, Liu Y. Advances in predictive biomarkers associated
with immunotherapy in extensive-stage small cell lung cancer. Vol. 14, Cell and
Bioscience. BioMed Central Ltd; 2024.

Zhong S, Jia Z, Zhang H, Gong Z, Feng J, Xu H. Identification and validation of tumor
microenvironment-related prognostic biomarkers in breast cancer. Transl Cancer Res.
2021 Oct 1;10(10):4355-64.

111



316.

317.

318.

3109.

320.

321.

322.

323.

324.

Forker LJ, Bibby B, Yang L, Lane B, Irlam J, Mistry H, et al. Technical development
and validation of a clinically applicable microenvironment classifier as a biomarker of
tumour hypoxia for soft tissue sarcoma. Br J Cancer. 2023 Jun 29;128(12):2307-17.

Shao MM, Xu YP, Zhang JJ, Mao M, Wang MC. Tumor mutational burden as a
predictive biomarker for non-small cell lung cancer treated with immune checkpoint
inhibitors of PD-1/PD-L1. Clinical and Translational Oncology. 2024 Jun 1;26(6):1446—
58.

Ding SJ, Li H, Zhang YH, Zhou XC, Feng KY, Li ZD, et al. Identification of Pan-Cancer
Biomarkers Based on the Gene Expression Profiles of Cancer Cell Lines. Front Cell Dev
Biol. 2021 Nov 30;9.

Aaltonen LA, Abascal F, Abeshouse A, Aburatani H, Adams DJ, Agrawal N, et al. Pan-
cancer analysis of whole genomes. Nature [Internet]. 2020 Feb 6;578(7793):82-93.
Available from: https://www.nature.com/articles/s41586-020-1969-6

Zhong S, Jia Z, Zhang H, Gong Z, Feng J, Xu H. Identification and validation of tumor
microenvironment-related prognostic biomarkers in breast cancer. Transl Cancer Res.
2021 Oct 1;10(10):4355-64.

Schmidt KT, Chau CH, Price DK, Figg WD. Precision Oncology Medicine: The Clinical
Relevance of Patient-Specific Biomarkers Used to Optimize Cancer Treatment. \Vol. 56,

Journal of Clinical Pharmacology. Blackwell Publishing Inc.; 2016. p. 1484-99.

Kargbo RB. Advances in Cancer Treatment and Monitoring: Insights from KRAS
Inhibitors and Germline Epitope Burden Monitoring. ACS Med Chem Lett [Internet].
2024 Nov 14;15(11):1815-7. Available from:
https://pubs.acs.org/doi/10.1021/acsmedchemlett.4c00487

Calanca N, Francisco ALN, Bizinelli D, Kuasne H, Barros Filho MC, Flores BCT, et al.
DNA methylation-based depiction of the immune microenvironment and immune-
associated long non-coding RNAs in oral cavity squamous cell carcinomas. Biomedicine
and Pharmacotherapy. 2023 Nov 1;167.

Yang Y, Wang Y. Role of Epigenetic Regulation in Plasticity of Tumor Immune

Microenvironment. Vol. 12, Frontiers in Immunology. Frontiers Media S.A.; 2021.

112



325.

326.

327.

328.

320.

330.

331

332.

333.

Zhang Y, Zhang G, Wang Y, Ye L, Peng L, Shi R, et al. Current treatment strategies
targeting histone deacetylase inhibitors in acute lymphocytic leukemia: a systematic

review. Vol. 14, Frontiers in Oncology. Frontiers Media SA; 2024.

Szczepanek J, Skorupa M, Jarkiewicz-Tretyn J, Cybulski C, Tretyn A. Harnessing
Epigenetics for Breast Cancer Therapy: The Role of DNA Methylation, Histone
Modifications, and MicroRNA. Vol. 24, International Journal of Molecular Sciences.
Multidisciplinary Digital Publishing Institute (MDPI); 2023.

Galassi C, Chan TA, Vitale I, Galluzzi L. The hallmarks of cancer immune evasion.
Cancer Cell [Internet]. 2024 Oct 9; Available from:
http://www.ncbi.nlm.nih.gov/pubmed/39393356

Lombardo C, Fazio R, Sinagra M, Gattuso G, Longo F, Lombardo C, et al. Intratumoral
Microbiota: Insights from Anatomical, Molecular, and Clinical Perspectives. Vol. 14,
Journal of Personalized Medicine. Multidisciplinary Digital Publishing Institute
(MDPI); 2024.

Kapoor S, Gupta M, Sapra L, Kaur T, Srivastava RK. Delineating the nexus between
gut-intratumoral microbiome and osteo-immune system in bone metastases. Vol. 23,

Bone Reports. Elsevier Inc.; 2024.

Binnewies M, Roberts EW, Kersten K, Chan V, Fearon DF, Merad M, et al.
Understanding the tumor immune microenvironment (TIME) for effective therapy. Nat
Med. 2018 May 1;24(5):541-50.

Gatenby R, Brown J. The evolution and ecology of resistance in cancer therapy. Vol. 8,
Cold Spring Harbor Perspectives in Medicine. Cold Spring Harbor Laboratory Press;
2018.

Hoshida Y, Villanueva A, Sangiovanni A, Sole M, Hur C, Andersson KL, et al.
Prognostic gene expression signature for patients with hepatitis C-related early-stage
cirrhosis. Gastroenterology. 2013;144(5):1024-30.

Aaltonen LA, Abascal F, Abeshouse A, Aburatani H, Adams DJ, Agrawal N, et al. Pan-
cancer analysis of whole genomes. Nature [Internet]. 2020 Feb 6;578(7793):82-93.
Available from: https://www.nature.com/articles/s41586-020-1969-6

113



Anexos

Declaragao

Para os devidos efeitos, declara-se que a versdo agora entregue do trabalho do aluno
W \l(ﬂl (am (.LLhO Eoan ) ,com o titulo
w . N v A % N " . A . * AN ( ]
A Lownf@auG do onpcambink bumnal n6 antino e
., € a versao final
a incluir, de acordo com a legislag&o em vigor, no Repositério da Universidade de Lisboa.

Faculdade de Farmacia da Universidade de Lishoa, em -Lé de dﬂsuhl)bde 2002 4 X

(0] /(Cé)Orientador,

Ao Q 1% (C,GCLQ

(Assinatura)

114



L) Lispon | summee 3:

DECLARACAO

——

Nome: |‘ Marlene Coelho Camacho Francés |

Correio Eletrénico: [Mfrances@edu.ulisboa-p_t._ Telefone:r 914524280

Blihete de Identidade / Cartdo de Cidaddo: | 10173273-22Y7 D o

Grau: Mestrado Integrado X’ Mestrado [

Titlodo Trabalho [ T 3 v =
Einal: A importancia do microambiente tumoral na carcinogénese
Orientador: " Ana Rita Estrela Rodrigues Conde

Co-Orientador(es): — e -
Dominio Clentifico - (Classificacdo FOS) [Ciéncias Mé(;icas e da Satde

Faculdade/Instituto: | Faculdade de Farmécia |

Designagao do Curso:

Mestrado Integrado em Ciéncias Farmacéuticas

a) veciare sob compromisso de honra que o trabalho finol agora entregue corresponde & vers@o final
apresentada o jiri.

b) Declaro que concedo & Universidade de Lisboa e aos seus agentes uma licenga ndo-exclusiva para arquivor e
tornar acessivel, nomeadamente otravés do seu repositério institucional, nas condigées abaixo indicadas, 0
trabalho final, no tode ou em parte, em suporte digital.

¢) Declaro que autorizo a Universidade de Lisboa a arquivar e, sem alterar o conteudo, converter trabelho final
entregue, para qualquer formato de ficheiro, meio ou suporte, nomeadomente através da sua digitalizagdo,
para efeitos de preservagdo e acesso,

d) Concordo que o trabalhe final seje colocado no Repositério da Universidade de Lisboo com o seguinte estatuto
(assinale apenas uma das hipéteses):

I ® Dispanibilizagio imediata do conjunto do trabalho para acesso mundiol;
I Disponibilizacéo do conjunto do trobolho com acesso embargado durante:
[ 1ano [~ 2anos [ 3onos

Ap6s o periodo acima assinalado autorizo o acesso mundial . Anexo justificagdo do emborgo
devidamente assinada pelo(s) orientador(es).

3.0 Disponibilizagéo apenas dos metadados descritivos {autor, titulo, resumo, entre outros) devido
a questdes de confidenciolidade dos dados (Acesso Restrito}. Anexo justificogdo para a néo
disponibilizagBo do texto integral, devidamente assinada pelofs) orientador(es).

e) Retenho todos os direitos de autor relativos ao trabalhe final, e o direito de o usar em trabalhos futuros,
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