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1 INTRODUCTION

1.1 Lung Cancer

Lung cancer is one of the most frequently diagnosed cancers and the leading cause of cancer-related
deaths worldwide. Despite advances in screening, diagnosis, and treatment, survival rates remain
low, largely due to late-stage diagnosis and the aggressive nature of the disease. Lung cancer
accounts for over 2 million new cases and nearly 1,8 million deaths annually, making it a major
global health challenge [1]. Smoking is responsible for 89-90% of cases, but other factors include
passive smoking, exposure to radon, asbestos, air pollution and family history or genetic
predisposition [2], [3], [4]. Incidence and mortality rates vary by region, gender, and socioeconomic
status, with higher rates in men and in countries with high smoking prevalence. However, the

growing number of cases in women is also alarming [5], [6] [7].

The two main types of lung cancer are non-small cell lung cancer (NSCLC, ~85% of cases) and small
cell lung cancer (SCLC, ~15%) [7]. According to the classification criteria by WHO NSCLC includes
different forms of lung neoplastic diseases such as adenocarcinoma (LUAD), squamous cell
carcinoma (LUSC), and large cell carcinoma (LCC). The classification has a great impact in term of
biological behavior, prognosis and clinical management. However, the histopathological
classification requires extensive medical expertise and involve invasive biopsy of tissues [7] (Figl).
Adenocarcinoma (LUAD) arises from glandular cells, often shows glandular or papillary structures,
and is associated with driver mutations in specific genes such as Epidermal Growth Factor Receptor
(EGFR), Anaplastic Lymphoma Kinase (ALK), and Kirsten Rat Sarcoma viral oncogene homolog
(KRAS). The identification of these targetable mutations allowed the development of specific drugs
for precision medicine approach [8], [9]. This form is more common in women and non-smokers,
often presents as peripheral nodules, and generally has better prognosis than LUSC or LCC [10],
[11]. Squamous cell carcinoma (LUSC) originates from bronchial epithelial cells. Lesions are
characterized by keratinization and intercellular bridges, and frequently harbour alterations in genes
like Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA), SOX2: A
SRY-Box Transcription Factor 2 (SOX2), and Fibroblast Growth Factor Receptor 1 (FGFR1) [8].
LUSC is less likely to have targetable mutations but shows high glucose uptake and glycolytic
activity[12] . LUSC is more common in men and smokers. Lesions develop in the central area of the
lungs, and symptoms like cough and sputum are associated with higher rates of infection and worse
prognosis than ADC [11][13]. Large Cell Carcinoma (LCC) is defined by lack of glandular or
squamous differentiation; often is the consequence of an exclusion diagnosis. Indeed, LCCs can be

reclassified as poorly differentiated LUAD or LUSC using immunohistochemistry and molecular



profiling [14], [15], [16]. LCC is more aggressive and shows the poorest prognosis among the three
types of NSCLC. Lastly, LCC lesions are often revealed at an advanced stage [11].
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Figure 1 :Classification of lung cancer ( Sanchez-Ortega, Miriam, Ana Clara Carrera, and Antonio Garrido. 2021. "Role
of NRF2 in Lung Cancer" Cells 10, no. 8: 1879. https://doi.org/10.3390/cells10081879)

1.2 MOLECULAR PATHOGENESIS AND THERAPEUITC LANDSCAPE OF NSCLC

The assesment of specific gene mutations represents the most established set of biomarkers used in
clinical practice for NSCLC prediction and prognostication. Common mutations include EGFR,
KRAS, ALK, ROS1, BRAF,MET, RET, and HER2. Tumor suppressor genes such as TP53,
STK11/LKB1 and KEAP1 are frequently altered, affecting cell cycle regulation, apoptosis and
therapy resistance [17], [18], [19], [20]. NSCLC tumors often exhibit high tumor mutation burden
(TMB), copy number variations and chromosomal instability, wich are associated with aggressive
behavior and metastasis [21], [22], [23]. Another characteristic feature of NSCLC is the role of
microRNA and long non-coding RNAs. It has been demenstrated that both microRNA and IncRNAs
modulate gene expression, affecting tumor progression and therapy response [24], [25]. However,
the principal and more frequently affected biological pathways involved in NSCLC pathogenesis are
PI3K-Akt, Notch, mTOR and p53 [26], [27].

The management of NSCLC has rapidly evolved, with a strong emphasis on personalized and
precision medicine. Current strategies are tailored to tumor stage, molecular profile and patient
characteristics, in order to integrate surgery, systemic therapies and treatments with novel agents
[28]. Complete surgical resection remains the gold standard, offering the best chance for cure and

local/regional control in NSCLC, especially as advancements in minimally invasive techniques and



enhanced recovery protocols have reduced associated morbidity [29]. Th indications for surgery are
continually evolving and expanding beyond early-stage disease. This expansion is directly driven by
the introduction of powerful new therapeutic modalities including treatments like immune
checkpoint inhibitors (with or without chemotherapy) and targeted systemic therapies or ablative
techniques options such as stereotactic radiotherapy (SBRT)[30], [31]. Personalized treatment
approaches for NSCLC, incorporating genomic analyses and predictive biomarkers, could potentially
cure early disease and improve outcomes[32] the identification of genomic mutations lead to the
development of targeted therapies based on the use of tyrosine kinase inhibitors (TKIs), or blocking
antibodies in both early and advanced stages [28], [7], [32] , [33]. Newly developed agents, including
third-generation TKIs and antibody-drug conjugates (ADCs), address inherited and acquired
resistance and expand treatment options for rare mutations [34], [35]. Finally, Immune Checkpoint
Inhibitors (ICIs) targeting PD-1/PD-L1 or CTL-4 are a mainstay for patients without actionable
mutations. The PD-L1 expression has recently enriched with other emerging biomarkers for ICs [36],
[7], [33]. These treatments are increasingly used in both advanced and early-stage cancers following
specific schedule settings, in combination with chemotherapy [31][35][34]. However, the
development of drug resistance remains a major hurdle, prompting research toward the development

of novel agents.

1.3 THE TUMOR MICROENVIRONMENT

The tumor microenviroment (TME) is a complex, dynamic ecosystem of cancer cells, stromal cells,
immune cells, blood vessels, extracellular matrix (ECM) and signaling molecules. The TME actively
drives tumor progression, metastatic diffusion, immune evasion and therapy resistance [37], [38],
[39]. The TME is composed by cellular elements such as cancer associated fibroblasts (CAFs),
immune cells (macrophages, T cells, B cells, neutrophils, and dendritic cells), endothelial cells,
pericytes, adipocytes and neuroendocrine cells [38]. In addition, non-cellular elements, like growth
factors, cytokines, chemokines and exosomes are fundamental components of the TME [37]. Finally,
physical and chemical features such as hypoxia, the acidic extracellular pH, the increased matrix
stiffness and the abnormal vasculature are common, prompt tumor cell toward a more aggressive

phenotype [40], [41].

The TME provides growth factors and survival signals, supporting cancer cell proliferation and
resistance to apoptosis [42]. Soluble factors released in the TME are crucial for the maintenance of
angiogenic stimuli. Tumor and stromal cells secrete pro-angiogenic factors ( e.g., VEGF), stimulating
new blood vessel formation to supply nutrients and oxygen diffusion [43]. In addition, other soluble

factors, such as chemokines and other growth factors recruit and reprogram immune cells, often



creating an immunosuppressive environment that allows tumor cells to evade host immune defences
[44]. On the other hand, cellular elements of the TME such as cancer associated fibroblasts (CAFs)
exert a key role in the promotion of cancer cell invasiveness and metastatic diffusion through the
remodelling of the ECM. The continuos remodelling of the ECM facilitates cancer cell migration
and invasiveness [39] [38], Furthermore, TME supports cancer cell dissemination, survival in
circulation and colonization at distant sites, through the promotion of hypoxia-induced adaptations
and the interactions with platelets or with other immune cells [41][45]. Finally, TME leads to therapy
resistance, the increased ECM stiffness hinders drug delivery, and promotes the acquisition of

resistance to chemotherapy, radiotherapy and immunotherapy [39], [42], [43].

ae N\‘\croenviron Me
/4

Monocytes :  Non-Coding RNA O" ¢&
g : Q

Cancer

Myeloid-Derived * Stem Cells

Suppressor Cells

Cytotoxic T S
Cancer-associated
Wymphocytes fibroblasts
Tumour- ' Natural
associated Killer Cells
neutrophils

Tumor associated :  pendritic Cells
Macrophages

Figure 2 :Components of the TME, image taken from “Bharadwaj, S., Mierzwicka, J.M., Varnkova, L. et al. Unraveling the
molecular-pathological characteristics and cellular complexity of the tumor immune microenvironment in metastatic non-
small cell lung cancer. Cell Commun Signal 23, 400 (2025). https.//doi.org/10.1186/s12964-025-02410-w”’

It has been demonstrated that the TME in NSCLC often becomes immunosuppressive, limiting the

effectiveness of immune checkpoint inhibitors (ICIs). Genetic alterations such as KEAPI,



SMARCAA4, and PTEN mutations drive immune evasion by reducing T-cell infiltration, impairing
antigen presentation, and fostering an immunosuppressive cytokine milieu. These changes are linked
to poor outcomes and resistance to immunotherapy, regardless of PD-L1 status or tumor mutational
burden [46], [47], [48], [49]. Regulatory T cells (TREG), myeloid-derived suppressor cells (MDCDs)
and tumor associated macrophages (TAMs) are abundant in the NSCLC TME, suppressing anti-
tumor immune responses and promoting tumor growth [48], [50]. Taken together, the TME is no
more considered a passive bystander but a critical driver of tumor progression, of metastatic
diffusion and therapy resistance. Targeting the TME in all its complexity and components is a

promising strategy for improving cancer treatment outcomes.

1.3.1 CAF and fibrosis: critical components of the pro-tumorigenic TME

Cancer-associated fibroblasts (CAFs) are central players in the tumor microenvironment,
orchestrating intratumoral fibrosis and profoundly influencing tumor progression, immune evasion
and therapy resistance [51]. CAFs are the primary source of extracellular matrix (ECM) components,
such as collagen, leading to dense, fibrotic stroma characteristic of many solid tumors. This fibrosis
not only provides structural support but also creates a physical barrier that impedes drug delivery and
immune cell infiltration, contributing to poor prognosis and resistance to therapy [52], [53].
Desmoplastic tumors, in which CAF-driven fibrosis is prominent, present an aggressive tumor
behavior [54], [55], [56]. The phenotypic heterogeneity of CAFs and their dynamic interactions with
cancer and immune cells make these cells both a challenge and an opportunity for targeted
therapies[57]. CAFs are commonly identified by the expression of markers such as alpha-smooth
muscle actin (a-SMA) (ACTA?2), fibroblast activation protein alpha (FAP-a), Platelet-Derived
Growth Factor Receptor (PDGFR), fibroblast growth factor receptor (FGFRalpha/beta), CD90,
integrin B1 and others. However, it became clear that no single marker is specific, and that a panels
of markers and gene signatures need to be used to distinguish CAF subtypes and differentiate them
from normal fibroblasts [58], [59], [60], [61]. Another strategy to characterize and identify primary
CAFs is to combine traditional biomarkers with lineage exclusion, so long as primary CAFs should

be negative for epithelial cell adhesion molecule (EpCAM) [62].

Transforming growth factor-beta (TGF-p) is the central signaling molecule driving the activation,
function, and tumor-promoting activities of CAFs in the TME. TGF-f is a potent inducer of the
transition from normal fibroblasts or precursor cells (such as adopose-derived stromal cells) into
CAFs [63]. This process involves upregulation of CAF markers ( e.g., alpha-SMA, FAP, vimentin)
and is mediated by both canonical (SMAD-dependent) and non-canonical signaling pathways [64],



[65], [66]. TGF-B also stimulates CAF proliferation and survival, often through autocrine and
paracrine loops [64], [66].

Extensive evidence demonstrates that CAFs and fibrosis are pivotal components of tumor
progression, invasion, and metastasis in NSCLC. CAFs expressing CD248 increase collagen I
production, leading to a stiffer ECM. This enhanced stiffness activates the Hippo pathway and
connective tissue growth factor, directly promoting NSCLC cell infiltration, migration, and
metastasis. Knockout of CD248 in fibroblasts significantly reduces lung tumor metastasis in animal
models, confirming a causal role [67]. In orthotopic NSCLC models, tumors enriched with CAFs
show an increased fibrotic tissue, collagen deposition and higher rates of mediastinal lymph node

metastasis, while targeting CAFs reduces both fibrosis and metastatic spread [68].

CAFs secrete cytokines (e.g.,IL-6), growth factors that induce the epithelial-mesenchymal transition
(EMT) in cancer cells, which is the key event that promote cancer cell invasiveness and metastatic
potential [69], [70]. it has been demonstrated that high expression of CAF markers and fibrosis-
related genes in NSCLC correlates with advanced tumor stage, increased invasion, distant metastasis

and poor prognosis [71], [72].

Targeting CAFs and their fibrotic activity is promising but complex therapeutic approach. Strategies
under investigation include the disruption of CAF-cancer cell signaling cross-talk, the modulation of
ECM remodeling, and the selective targeting of tumor-promoting CAF subtypes [51], [73], [74].
Indeed, advances in single-cell sequencing and imaging are improving the identification and
characterization of CAF subpopulation, paving the way for more precise interventions [51], [52],

[57].

1.3.2 NRF?2 role and basal regulation mechanisms

The protein Nrf2 (nuclear factor erythroid 2-related factor 2) is a key transcription factor regulating
antioxidant and cytoprotective genes. Indeed, the Nrf2 pathway is reported as the most important
strategy that cell adopt against oxidative stress [75] . Nrf2 regulates the expression of hundreds of
genes involved in antioxidant defence like NQO1(NAD(P)H Quinone Oxidoreductasel), GCL
(Glutamate-Cysteine Ligase), GSTs (Glutathione S-Tranferase), HO-1 (Heme Oxygenase-1), in drug
detoxification ( MRP1 and MRP2, multidrug resistace efflux proteins) and in glutathione
metabolism. Moreover, Nrf2 regulates inflammatory response, autophagy (p62) and mitochondrial
functioning. In the complex Nrf2 exert a central role in cellular homeostasis and stress adaptation

control [76], [77].



Nrf2 is ubiquitously expressed in a wide range of tissue and cell types and belongs to a subset of
basic leucine zipper genes (bZIP) sharing a conserved structural domain designated as a cap’n’collar
domain. The basic region, just upstream of the leucine zipper region, is responsible for DNA binding
and the acidic region is required for transcriptional activation. Nrf2 binds to antioxidant response
elements (AREs), ARE sequence is present in the promoter region of genes involved in the
antioxidant and detoxifying response, but also cellular proliferation, metabolism, immune response,
signaling, cell survival and cellular cycle[78]. ARE-mediated transcriptional activation requires
heterodimerization of Nrf2 with other bZIP proteins including Jun (c-Jun, Jun-D, and Jun-B) and
small Maf (MafG, MafK, MafF) proteins [79], [80] . Nrf2 contains seven conserved Nrf2-ECH
homology (Neh) domains (Neh1-Neh7), each mediating specific regulatory and functional roles. The
Neh2 domain binds to KEAPI, its direct regulator. Nehl contains the DNA-binding basic leucin
zipper motif, while Neh3, Neh4 and NehS5 act as transactivation domains. Neh6 and Neh7 domains
further modulate Nrf2 stability and repression through interaction with beta-TrCP and RXRalpha,
respectively[81], [82] (Fig.3).
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Figure 3 : Nrf2 protein structure from Homo sapiens. https://doi.org/10.1016/j.phrs.2018.06.013

Nrf2 is negatively regulated by KEAP1, which targets it for degradation under normal conditions,
the main function of KEAPI is as adapter for the Cullin3/RingBox1 (Cul3/Rbx1) E3 ubiquitin ligase
complex, so under homeostatic conditions, KEAP1 binds Nrf2 in the cytoplasm facilitating its
ubiquitination and subsequent degradation. Oxidative or electrophilic stress modifies KEAP1
cysteine residues, distrupting this interaction, allowing Nrf2 to accumulate and translocate to the
nucleus and activate gene transcription [83], [84], [85]. The regulation of Nrf2 is also intrinsically

linked to the cellular degradation process of autophagy via the protein p62 (SQSTM1), p62 is a



multifunctional scaffold protein that acts in autophagic degradation mechanisms and also it acts as a
positive regulator of NRF2. Critically p62 possesses a Keap1-binding domain (KIR) that allows it to
directly compete with NRF2 for binding to the Keapl protein, indeed increased expression or
aggregation of p62 sequesters Keap1, thereby reducing the availability of Keap! to bind NRF2. This
competitive inhibition stabilizes NRF2 for the translocation to the nucleus. Furthermore, this
interaction establishes a positive feedback loop because the p62 gene itself contains an ARE in its
promoter; consequently, the stabilized NRF2 directly transcribe and increase the expression of p62.
This reciprocal relationship amplifies the antioxidant response and sustains NRF2 activation [86],

[87], [88].

NREF?2 is regulated not only by the canonical KEAP1-CUL3 pathway but also through several non —
canonical KEAPI-indipendent mechanisms. These alternative pathways provide additional layers of
control over NRF?2 stability, localization and activity and are increasingly recognized as important
in both physiological conditions and in diseases. Glycogen synthase kinase 3beta (GSK3b)
phosphorylates NRF2 creating an active site recognized by the E3 ubiquitin ligase adapter beta-TrCP,
which targets NRF2 for ubiquitin-mediated proteasomal degradation via the CUL1 complex, this
pathway primarily regulates NRF2 in the nucleus and is especially important for terminating the

NRF2 response after stress, rather than controlling its basal levels [89], [90].

Furthermore, WDR23, as a part of the DDB1-CUL4E3 ligase complex, binds directly to the Neh2
domain of NRF2 (at the DIDLID sequence, not the KEAP1-binding motifs) and promotes its
degradation. This pathway operates independently of KEAP1 providing an alternative route for
NRF?2 turnover [91].

NREF?2 activity is tightly regulated by numerous protein kinases that act as upstream sensors for stress,
nutrient availability and growth factor signaling. NRF2 contains many serine, threonine and tyrosine
residues, which may provide sites for phosphorylation by different kinases and this phosphorylation
of NRF2 can impact its stability, nuclear translocation and transcriptional activity[92]. Thus, a
number of different pathways have been explored including mitogen-activated protein kinase
cascades (MAPK), the phosphatidylinositol 3-kinase (PI3K/AKT) pathway, protein kinase C (PKC)
and the extracellular signal-regulated kinase (ERK) signalling pathways. Specifically,
phosphorylation of NRF2 at Serine-40 (S40) in the Neh2 domain by Protein Kinase C (PKC) is a key
activating event, leading to the dissociation of the NRF2/KEAP1 complex and subsequent nuclear

translocation [93].

Moreover, NRF2 activity is finely tuned through the phosphorylation by a panel of MAP kinases
family that exhibit complex and sometimes contradictory roles [94]. Studies involving inducers like
butylated hydroxyanisole (BHA) have highlighted the involvement of JNK (cjun N-terminal kinase
1/2) and ERK. BHA was shown to increase the phosphorylation of both ERK1/2 and JNK 1/2,

10



leading to NRF2 release from Keapl and subsequent nuclear translocation under the control of these
pathways [95]. Conversely, p38 activity has been sown to inhibit NRF2 by a phosphorylation that
promotes its association with Keapl, thereby preventing its nuclear translocation. Interestingly, this
inhibitory effect was reversed by sulforaphane, proposing a mechanism for its NRF2-inducing action
[96]. Other regulatory pathways have been identified by studying the interaction between NRF2 and
proteins other than Keap1. Indeed, beyond p62[97] there are alternative route that involves a growing
set of proteins such us DPP3, WTX, p21 and BRCA1[98] [99]. These non-canonical activators
through their binding distrupts the Keap1-NRF2 complex, thereby preventing NRF2 ubiquitination
and degradation. The net result is an increase in NRF2 nuclear translocation and activation. This
extensive repertoire of factors involved in the post-translational modification of NRF2 underscores
the pathway’s intricate and highly regulated nature, elucidating the precise cross-talk between these
various signaling pathways is crucial for advancing our understanding of cellular defence

mechanisms and identifying viable therapeutic targets.
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Figure 4 : Canonical and non-canonical mechanisms of NRF2 activation
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1.3.3 NRF2 in cancer

NRF2 initially acts as a beneficial defending mechanism, shielding healthy cells from damage.
However, in malignant settings, this pathway is frequently exploited by cancer cells to support tumor

progression and evade the effects of various therapeutic interventions[100], [101] .

Regarding the prevention of carcinogenesis, in normal and early-stage cancer cells, NRF2 activation
protects against DNA damage, oxidative stress and inflammation, thereby reducing the risk of
malignant transformation [102], [103].Moreover, NRF2 upregulates antioxidant and detoxification
genes, maintaining redox homeostasis and preventing genome instability[104] . In established
tumors, persistent or aberrant NRF2 activation (often due to mutations in KEAP1 or NRF?2 itself)
supports cancer cell survival, proliferation, and metabolic reprogramming, angiogenesis and
metastasis [105], [106]. In particular, NRF2 upregulates glutathione synthesis, thioredoxin and other
ROS-scavenging systems, lowering oxidative stress that would otherwise limit tumour cell survival
and mutagenic tolerance [107]. NRF2 drives pathways that supply nucleotides, amino acids and
NADPH: it promotes ribonucleotide synthesis and serine biosynthesis and redirects carbon flux to
support proliferation and redox balance and by increasing anabolic and autophagic programs NRF2
helps maintain biomass and survival during stress facilitating rapid tumour growth [100], [101].
Persistent NRF2 activation commonly co-occurs with KRAS or PI3K/AKT pathway activation;
NRF2 can potentiate PI3K signaling and downstream kinase networks to boost growth and survival
in certain cancers [108]. In the context of immune modulation and evasion NRF2 activity shapes the
tumor immune microenvironment, diminishing cytotoxic immune responses and correlating with
reduced responses to anti-PD-1 therapies in some tumors [109]. Constitutive NRF2 increases
detoxification and DNA (?)repair capacity and is mechanistically linked to resistance to
chemotherapy, radiotherapy and targeted agents across solid tumors [108], [110]. In some cases,
cancers become dependent on high NRF2 activity for growth and survival, making NRF2 a potential

therapeutic target [102], [111].

Genetically mutations in the NRF2 gene (NFE2L2) are increasingly recognized as important drivers
in various cancers. These mutations often lead to persistent activation of NRF2, which profoundly
influences tumor behaviour, therapy response and patient prognosis. Most cancer-associated NRF2
mutations cluster in the DLG and ETGE motifs of the protein, which are critical for its interaction
with the negative regulator KEAP1. Mutations at positions like R34 and D29 are frequent in lung,
bladder, and uterine cancers. These mutations disrupt KEAP1 binding, preventing NRF2 degradation
and resulting in its constitutive activation [112], [113], [114], [115]. NRF2 mutations are associated
with aggressive tumour growth, higher mutating burden, and poor prognosis in cancers such as non-
small cell lung cancer (NSCLC), esophageal squamous cell carcinoma, and hepatoblastoma [116],

[117], [118].
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In lung cancer, NRF2 plays a complex, context-dependent role, acting as both a tumor suppressor
and a promoter of tumor progression and therapy resistance [119]. The maintenance of the malignant
phenotype in lung cancer cells is highly dependent on the NRF2 pathway, a mechanism referred to
as NRF2 addiction [120].

In NSCLC, NRF?2 acts in two different and opposite ways[119] (Fig.5). On one side, NRF2 acts as
a tumor suppressor, and contributes to preventing DNA damage by regulating the expression of
NQOI1. NQOIL is required for controlling the mRNA levels of the repair proteins BRCA1 and
RADS51[121] These proteins regulate homologous recombination (HR) during the repair of double-
strand breaks (DSB) [122]. Indeed, NRF2-null mice are more susceptible to acute DNA damage
[123]. In addition, NRF2 activation in normal human lung fibroblasts reduces DSB levels after
irradiation [124]. These defending mechanisms against tumorigenesis have been confirmed in other
animal studies [125], [126], [127]. NRF2 can modulate the inflammatory and immune response at
the tumor site through the decreases in pro-inflammaory cytokines expression such as tumor necrosis
factor alpha ( TNF-alpha), interleukin 1-beta (IL-1beta) or IL-6 [102]. NRF2 is also able to recruit
Natural Killer (NK) cells that secrete the isoform D of IL-17, promoting tumor rejection [128].
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Maintenance of redox cellular Tumor proliferation ard survival,

balance and detoxification, Metabolic reprogramming,
Cell-cycle arrest, repair of DNA Resistance to treatment.

damage and genome inestability. Immune scape
mmune surveillance, IR
Cancer _— cel
ceall | .

o e Tusrmr-
P i g 1‘\ . associated
i . i 7 fibroblaszt
L .
Mormal Iniiated LA
cell cell
Controlled activation Prolonged activation Constitutive activation
of NRF2 pathway of MRF2 pathway of NRF2 pathway Metastatic
cancer cell
GOOD SIDE BAD SIDE

Figure 5 : Dual role of NRF?2 in cancer ( Sanchez-Ortega, Miriam, Ana Clara Carrera, and Antonio Garrido. 2021. "Role

of NRF2 in Lung Cancer" Cells 10, no. 8: 1879. https://doi.org/10.3390/cells10081879)

On the other side, NRF2 acts as a pro-oncogene: Activating mutations in NRF2 provide advantageous
conditions for cancer progression [129]. Elevated NRF2 protein levels were found in several

malignancies including lung cancer [126][130], [131]. NFE2L2/KEAPI is a commonly mutated
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pathway in NSCLC [132]. Gain-of-function mutations in NFE2L2 or loss-of function mutations in
KEAPI are frequently observed [129]. KEAP1 mutations are found in 17% of LUAD and 12% of
LUSC tumors, NFE2L2 mutations are more frequent in LUSC (15%) than LUAD (3%); globally,
26% of NSCLC tumors show increased nuclear NRF2 expression [133], [134]. The oncogenic action
of NRF2 in NSCLC involves regulating enzymes related to metabolic reprogramming, promoting
aerobic glycolysis (the so-called Warburg effect) [120] [116]. NRF2 overexpression significantly
impacts amino acid metabolism, enabling cancer cell survival and proliferation under stress [131],
[120]; KEAP1/NRF2 mutant NSCLC cells show increased sensitivity to glutaminase inhibition,
which sensitizes these cells to radiotherapy [135], [136]. Constitutive NRF2 activation correlates
with increased tumor cell survival and proliferation [137] , NRF2 increases levels of IGF1, PDGFC,
and VEGFC [102] and high NRF2 nuclear level is associated to a shortening in progress-free survival
in NSCLC patients [134]. Finally, high expression levels of the NRF2 target gene NQOI1 are also

linked to worse prognosis [138].

The over activation of NRF2 is linked also to metastatic diffusion, indeed, NRF2 overexpressing
cancer cells show an increased ability to grow in an anchorage-independent manner and have high
metastatic potential [139]; It has been also observed that some of NFE2L.2 and KEAP1 mutations
are highly expressed in NSCLC metastatic lesions [140]. NRF2-driven antioxidant responses are
highly active in cancer-associated fibroblasts and pericytes within the TME, supporting tumor
survival under oxidative stress [141]; NRF2 also reprograms tumor and stromal cell metabolism,
facilitating adaptation to hypoxia and nutrient deprivation, and promoting cancer cell proliferation

and invasion [142][143].

Moreover, NRF2 contributes to immune escape in the TME, not only by controlling cytokine
expression but also through KEAP1 mutation that is associated with a reduced leukocyte infiltration

[144] and, finally, NFE2L2 mutant tumors show low expression of immune response markers [145].

There are preclinical evidences that highlight the role of NRF2 in fostering immunosuppressive TME
through its activity on tumor-associated macrophages (TAMs). NRF2 suppresses pro-inflammatory
cytokine production, increases expression of immune checkpoint molecules like PD-L1 and
promotes anti-inflammatory macrophage phenotypes, all of which dampen anti-tumor immune
responses [146], [147], [148]. NRF2 also protects immunosuppressive myeloid-derived suppressor
cells (MDSCs) from oxidative stress, further inhibiting T cell activity [103]. In some contexts, NRF2
activation in immune cells can reduce tumor growth by enhancing immune surveillance but in
established tumors it often supports immune evasion [119], [149]. Remaining in the context of the
TME, NRF2-driven antioxidant responses are highly active in cancer-associated fibroblasts and

pericytes within the TME, supporting tumor survival under oxidative stress [141]; NRF2 also
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reprograms tumor and stromal cell metabolism, facilitating adaptation to hypoxia and nutrient

deprivation, and promoting cancer cell proliferation and invasion [142], [143].

In conclusion, in NSCLC, NRF2 expression is linked to resistance against chemotherapy (e.g.,
platinum-based drugs, cisplatin) and targeted therapies (e.g., EGFR-TKIs) [150], [151]; this effect is
due to the NRF2 derived expression of genes that counteract drug-induced oxidative stress and
ferroptosis reducing treatment efficacy [152], [153] several studies showed that inhibiting NRF2 or

its downstream pathways can restore drug sensitivity in resistant NSCLC cells [154], [155].

Thus, targeting NRF2 stability, its regulatory partners or downstream metabolic vulnerabilities is

being explored as an innovative therapeutic strategy [156].
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2 AIM OF THE STUDY

Non-Small Cell Lung Cancer remains one of the most challenging malignancies to treat,
characterized by high mortality rates and a complex landscape of therapeutic resistance. While
research has traditionally focused on the genetic landscape of tumor cells, the Tumor
Microenvironment has increasingly been recognized as a primary driver of malignancy.
Among the various cellular components of the TME, Cancer-Associated Fibroblasts (CAFs)
play a predominant role, orchestrating a persistent desmoplastic reaction that not only provides
a physical scaffold for the tumor itself but also acts as a dynamic signalling hub that promotes

progression and resistance to drug.

In the context of NSCLC, this aberrant fibrotic response does not merely alter the tissue
architecture; it creates a hostile and high-pressure environment that forces both stromal and
neoplastic cells to a continuous adaptation, orchestrating the acquisition of new survival
strategies in cancer cells. A cornerstone of this adaptation is the ability to withstand oxidative
stress and maintain cellular integrity, a process largely governed by the transcription factor
NRF2 (Nuclear factor erythroid 2-related factor 2). The regulation of NRF2 is traditionally
described through its canonical, KEAP1-dependent degradation pathway. However, in the
complex milieu of the lung stroma, NRF2 is often modulated via non-canonical pathways
triggered by internal and external factors. TGF-beta which is a master regulator of the fibrotic
response, driving the activation of CAFs is a key modulator of non-canonical NRF2 activation.
Aalthough the pro-fibrotic effects of TGF-beta are well-documented, the molecular
mechanisms underlying the crosstalk between CAFs-derived TGF-beta and the NRF2

antioxidant response in the NSCLC TME remains poorly understood.

The overarching goal of this study was to elucidate the molecular mechanisms by which the
TME promotes cancer progression and treatment resistance in a preclinical model of human
NSCLC, with a specific focus on the interplay between fibrotic signalling and redox
homeostasis. By transitioning from simplified cytokine-based models to complex 3D co-
culture, the present research aimed to validate the TGF-beta/NRF2 axis as a key mediator of

stromal-tumor crosstalk.
The research plan of the present study was organized into the following sequential aims:

Evaluation of the role of key components of the TME on NSCLC cells. Assessment of the role
of TGF-beta, and other inflammatory and fibrotic cytokines on NRF2 expression in three
different NSCLC cell lines.
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Effect of the antifibrotic drug pirfenidone (PFD) on CAFs phenotype. PFD (an antifibrotic
drug traditionally used in clinical practice for idiopathic pulmonary fibrosis) inhibits TGF-beta
signalling. We explored whether PFD reduce the expression of CAF markers of activation and
“normalize” CAF phenotype. PFD treatment may be used as a strategic tool to dismantle the
stromal support system in TME. CAF have been established from three different patients.
These cells were characterized via a flow cytometry and immunofluorescence to ensure the
establishment of a robust primary cell model that accurately reflects the stromal heterogeneity
of the lung TME.

Role of the canonical and non-canonical NFR2 activation in NSCLC. We established an in
vitro microenvironment model using conditioned medium collected from CAFs to analyse
whether the secretome of CAFs affects NRF2 expression.

Evaluation of the effect of profibrotic/antifibrotic CAF secretome on tumor cell viability,
proliferation and aggressiveness.

Evaluation of the effect of NRF2 loss-of-function on NSCLC survival and invasiveness. The
study involved the use of siRNA-mediated silencing.

Development of a 3D multicellular co-culture model (3D multicellular tumor spheroid,
MCTS). The MCTS were obtained by co-culturing NSCLC cells and primary CAFs. MCTS
were established as a biomimetic platform for future studies, providing a superior tool for

testing stromal-targeting strategies in an architecturally complex environment.
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3 MATERIALS AND METHODS

3.1 CELL LINE AND CULTURE CONDITIONS

A549,H1975 and H1299 cancer cells and MRC5 human lung fibroblast cell line was obtained
by ATCC. Cells were cultured in DMEM High Glucose medium (EuroClone, Milan, Italy)
supplemented with 10% of fetal bovine serum (FBS, EuroClone) and maintained at 37°C in
humidified atmosphere containing and 5% CO,. Subconfluent cultures were harvested by
incubation with a trypsin-EDTA solution (EuroClone), and propagated every three days.
Viability of the cells was determined by trypan blue exclusion test. The cultures were regularly

tested for mycoplasma contamination.

3.2 PRIMARY CANCER ASSOCIATED FIBROBLAST CELL CULTURE

All primary CAF lines were established from fresh tumor tissue samples obtained from NSCLC
patients undergoing surgery at Careggi Hospital, under an institutional review board-approved
protocol, informed consent was obtained from all patients prior to sample collection. Fresh
tumor samples were immediately transferred to the laboratory in sterile PBS supplemented with
antibiotics. The tissue was macroscopically separated from adjiacent normal tissue and
surrounding fat, then carefully minced into small fragments ( 1-3 m?), using a sterile scalpel.
Fibroblasts are characterized by their rapid adherence to the plastic surface. After 24 hourse,
non adherent cells (primarily epithelial and immune cells) were removed by aspirating the
medium and replacing it with fresh complete medium. This step helps in the selective
enrichment of the adherent CAF population. The fragments recovered from the lesions were
incubated for 2 weeks until they developed a homogeneous population characterized by CD90
expression and EpCAM negative. CAFs were maintained in DMEM High Glucose medium (
EuroClone Milan, Italy) supplemented with 20% of FBS and maintained at 37°C in humified
atmosphere containing 5% CO» Experiments were conducted using CAFs between passages 3-

10 to ensure a homogeneous and stable phenotype.

3.3 FACS ANALYSIS

The isolated primary CAF were characterized by flow cytometry to confirm their phenotype,
specifically through the expression of the fibroblast marker CD90 (Thy-1). CAFs were



cultured in 6well plates and were detached using a mild detachment solution ( e.g., 0.25%
Trypsin/EDTA or Accutase), collected, and washed once with cold PBS supplemented with
2% FBS. To minimize non-specific antibody binding, cells were blocked for 15 minutes at
4°C in PBS supplemented with 1% Bovine Serum Albumin (BSA). Following the blocking
step, cells were incubated in the dark at 37 °C for 1 hour with the following target antibody:
CD90-PE (Milteny biotec 130114902) and CD326 (EpCAM)-APC (Milteny biotec
130111117) a dedicated sample of cells was incubated in FACS buffer alone, without any
conjugated antibody to establish the intrinsic cellular autofluorescence and optimize the flow
cytometer voltage and compensation settings. Following incubation, cells were washed twice
with FACS buffer to remove unbound reagents and resuspended in a final volume of 300 ul of
FACS buffer. Samples were immediately acquired using a flow cytometer (BD- FACSCanto
1) , a minimum of 10,000 events were recorded per sample. Data analysis was performed

using flow cytometry software (FlowJo).

3.4 IMMUNOFLUORESCENCE

Immunofluorescence staining was performed on adherent cell cultures to visualize the
expression and localization of specific proteins. Cells were seeded onto sterile appropriate
culture plates (Ibidi 15um-SLIDE 8 well, 80826) at a density of 20.000 and subjected to
experimental treatments. Cells were washed with PBS and then fixed with 4%
paraformaldehyde (PFA) in PBS for 15 minutes at room temperature. Following fixation, cells
were washed again with PBS and permeabilized using 0.1% Triton X-100 in PBS for 10
minutes. After a wash with PBS cells were incubated with a Blocking Buffer ( 1% BSA) for
30 minutes at room temperature to prevent non-specific binding of antibodies. Than cells were
incubated with the primary antibody alphaSMA (Invitrogen MA1-06110) diluted in blocking
buffer at the manufacturer’s recommended concentration, overnight at 4°C. The cells were
washed for 5 minutes with PBS and were incubated with the appropriate fluorescently-
conjugated secondary antibody and Falloidin 543 (Biotium 00043) and nuclei counterstained
(Hoechst 33258) for 1 hour at room temperature in the dark. Images were acquired using
confocal microscope ( Leica SP8) and image analysis and quantification were performed using

Imagel.
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3.5 PREPARATION AND USE OF CONDITIONED MEDIUM (CM)

CAFs were seeded in T75 flasks and allowed to adhere overnight in complete medium. Once
the CAF monolayers reached about 80% confluence, the complete medium was removed. The
cells were washed twice with sterile PBS and then incubated in serum-free DMEM. This step
ensures that the collected CM contains primarly factors secreted by the CAFs and minimizes
contamination by external growth factors from FBS. The CAF were allowed to condition the
medium for 24 and 48 hours in the presence or absence of Pirfenidone, the antifibrotic drug.
Following the conditioning period, the medium was collected, immediately filtered through a

0.22 um sterile syringe filter, the resulting CM was aliquoted and stored at -80°C until use.

3.6 MTT ASSAY

Cell viability was assessed using the MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl
tetrazolium bromide) reduction assay (M5655, Sigma Aldrich, Milan, Italy). For the assay
2000 cells were seeded per well in 100 ul of complete DMEM into a 96-well plate. Three
technical replicates were prepared for each condition. After cell adherence (typically
overnight), the culture medium was removed from the wells, and fresh complete DMEM
containing the specific experimental treatments was added. Following 24 or 48 hours of
treatment the medium was removed and 100 ul of MTT reagent solution was added to each
well. The MTT working solution was prepared by diluting a 5 mg/mL stock solution 1:10 in
DMEM specifically formulated without the pH indicator phenol red, which can interfere with
colorimetric quantification. The plate was incubated at 37°C for 4 hours. During this period,
metabolically active cells reduce the yellow MT salt into blue/purple insoluble formazan
crystals, catalyzed by the mitochondrial enzyme succinate dehydrogenase. At the end of the
incubation, the MTT solution was removed and replaced with 100 uL of dimethyl sulfoxide
(DMSO, Sigma Aldrich) to dissolve the formazan crystals. The absorbance of the solubilized

formazan solution was measured at 550 nm using a microplate reader (Bio-Rad, Milan, Italy).

3.7 WESTERN BLOTTING ANALYSIS

Cells were washed with ice cold PBS containing 1 pM NasVOs, and lysed in 100 pL of cell
RIPA lysis buffer (Merck Millipore, Vimodrone, Milan, Italy) containing PMSF (Sigma-
Aldrich), sodium orthovanadate (Sigma-Aldrich) and protease inhibitor cocktail



(Calbiochem). The protein assay was performed using the Bradford reagent (Thermo Fisher,
23236) prepared according to the manufacturer’s instructions. Bovine Serum Albumin (BSA)
standard was used to generate the standard curve. Aliquots of supernatants containing equal
amounts of protein (25-50ng) in Laemmli buffer were separated on Bolt® Bis-Tris Plus gels
4-12% precast polyacrylamide gels (Life Technologies, Monza, Italy). Fractionated proteins
were transferred from the gel to a PVDF (polyvinylidene difluoride) membrane using iBlot 2
system (Life Technologies, Monza, Italy). Membranes were blocked for 1 h, at room
temperature, with Odyssey blocking buffer (Dasit Science, Cornaredo, Milan, Italy).
Subsequently, the membrane was probed at 4 °C overnight with primary antibodies diluted in
a solution of 1:1000 in Odyssey blocking buffer/T-PBS buffer. The primary antibodies used
are the following: alphaSMA (Invitrogen MA1-06110), p-NRF2 (S40, Biorbyt ORB506122),
Vinculin (Santa Cruz, SC-73614), GAPDH (Cell Signaling, 97166), CollAl ( Invitrogen,
MAS-50846), TGFbeta ( Invitrogen, MA5-15065), NQO1 ( Santa Cruz, sc-32793), p62
(Phospho-SQSTM1/p62, Cell Signaling, #13121), p21 (Cell signaling 2947s). The membrane
was washed in T-PBS buffer, incubated for 1 h at room temperature with goat anti-rabbit [gG
Alexa Flour 750 antibody or with goat anti-mouse IgG Alexa Fluor 680 antibody (Invitrogen)
(1:10000), and then visualized by an Odyssey Infrared Imaging System (LI-COR®
Bioscience, Lincoln, NE, USA). GAPDH or Vinculin mouse anti h/m/r mAb (Santa Cruz sc-
8035) (1:1000) was used to assess equal amount of protein loaded in each lane. Western blot
membranes were imaged using Odyssey Infrared Imaging System (LI-COR® Bioscience,
Lincoln, NE, USA); the relative expression levels of target proteins were determined by
densitometric analysis of the acquired images using the public domain software ImageJ (NIH,

Bethesda, MD, USA).

3.8 RNA EXTRACTION AND QUANTITATIVE PCR

Total RNA from cells was extracted using the Trizol reagent. The first-strand cDNA was
synthesized using the iScript cDNA Synthesis Kit (Biorad #1708891) following instructions
provided. Quantitative real-time polymerase chain reaction (RT-PCR) was carried out using

Applied Biosystems SYBR Green PCR Master Mix (#4309155). The sequences of the primers

used are. Gapdh (F: 5’-CAAGGCTGTGGGCAAGGT-3’; R: 5’-
GGAAGGGCCATGCCAGTGA-3’), TGFbeta ( F: 5’-TACCTGAACCCGTGTTGCTCTC;
R: 5’-GTTGCTGAGGTATCGCCAGGAA) and CollAl (F:5’-

GATTCCCTGGACCTAAAGGTGC; R: 5’- AGCCTCTCCATCTTTGCCAGCA).

21



The results were analyzed on the (Biorad CFX96 qPCR Instrument). Values were normalized

to GAPDH and all the results were obtained from at least three technical triplicates.

3.9 TRANSFECTION PROTOCOL

Gene silencing was performed on NSCLC cell line (A549, H1975 and H1299) using small
interfering RNA (siRNA).

Cells were seeded in 6 well-plates at a density of 2x105 cells/well in complete DMEM, aiming
for 60-70% confluence at the time of transfection. After a period of starvation in serum-free
medium, cells were transfected with a specific siRNA targeting human NRF2 (Silencer Select,
siRNA ID#s9493, Life technologies) and a non-targeting control siRNA (Scramble), used as
a negative control to exclude non-specific effects of the transfection process. Transfection was
performed using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s instruction.
Briefly: siRNA and Lipofectamine reagent were diluted separately in Opti-MEM reduced
serum medium, the two solutions were combined and incubated for 10 minutes at room
temperature to allow the formation of siRNA-lipid complex.

The complexes were added dropwise to the cell in a final siRNA concentration of 10, 50, 100
nM. After an incubation of 6 hours at 37 °C, the medium was replaced with fresh complete

DMEM.

3.10 CELL INVASION ASSAY

Cell invasive capacity was determined in vitro by assessing the cell” ability to migrate through
and degrade a synthetic extracellular matrix 8ECM) barrier. The assay was performed using
Transwell inserts (Sarstedt) with 8 um pores, placed within a 24-well plate. The upper surface
of the Transwell filters was coated with 50 uL of a Geltrex solution prepared at a concentration
of 15 ug/mL in sterile PBS. Geltrex (Gibco A14132-01,Reduced Growth Factor Basement
Membrane Matrix) served as the synthetic matrix rich in ECM proteins. The Geltrex layer was
allowed to dry under sterile conditions at room temperature for 2 hours to form a stable, thin
barrier. After the 24-hour drying period, 50000 cells/transwell were seeded in 400 uL of
complete DMEM in the upper chamber of the Transwell insert. An additional 600 uL of
DMEM was added to the bottom of the well (under the Transwell), acting as a chemoattractant.
The plates were subsequently incubated for 24 hours at 37°C in 5% CO2 , humidified
incubator, allowing invasive cells to degrade the Geltrex and migrate to the lower chamber.
After incubation, the test was stopped, and the medium was aspirated from the Transwells.

Cells that had not invaded were removed by gently scrubbing the upper side of the filter with
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a cotton swab. The invasive cells present on the lower side of the filter were fixed using 1 ml
of 20% Mrethanol for 20 minutes. Following the fixation, a wash was performed with 1 X
PBS for 2 minutes; cells were then stained using a 0.5% Crystal Violet working solution for
15 minutes (prepared from a 20% stock solution in ethanol, diluted in 1XPBS). Images of the
stained cells on the filters were acquired using a digital microscope (OPTIKA) and
quantification of invaded cells was performed on 4 different fields of the transwell using

ImagelJ analysis software.

3.11 3D CELL CULTURE

Multicellular Tumor Spheroid (MCTS) were generated using the liquid overlay method on
non-adherent surfaces, promoting cell-cell aggregation and minimizing cell-substrate
interaction. A 2% Agarose solution was prepared by dissolving the powder in sterile PBS and
sterilizing the solution by autoclaving. The solution was kept molten at approximately 60°C
until use; 50 ul of the molten 2% Agarose solution was quickly added to each well of a sterile
96-well plate, the plate was allowed to solidify at room temperature O.N . NSCLC cell lines (
A549, H1975 and H1299) and CAFs (pre-treated or untreated, as specified) were harvested
and resuspended at the required total cell concentration in complete DMEM. The cells were
mixed at a 2:1 ratio (CAF:NSCLC cell line), ensuring that the final suspension volume was
homogeneous. The mixed cell suspension was immediately plated onto the pre-coated 96-well
plates at a final density of 1.500 cells/well in a final volume of 200 uL of medium per well.
The plates were transferred to a 37°C , 5% CO2 incubator. MCTS formation was verified
after 24 hours and images were acquired using an inverted microscope coupled with an
imaging system (OPTIKA). Spheroid diameter was measured using ImagelJ by averaging the

longest and shortest diameters of selected spheroids per condition.

3.12 STATISTICAL ANALYSIS

All quantitative data are expressed as means =+ standard errors of the mean (SEM) depicted by
vertical bars from representative experiment of at least three independent experiments. For the
statistical analysis, differences between two experimental groups were assesses using the
unpaired two-tailed Student’s t-test. For comparison involving three or more groups, or
multiple treatment conditions, statistical significance was determined by One-way Analysis
of Variance (ANOV A) or Two-way ANOVA, following a significant ANOVA result, specific

group comparisons were performed using appropriate post hoc tests, such as the Tukey’s test
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or the Bonferroni correction, to adjust for multiple comparison. Statistical significance was
defined as a p-value less than 0.05 (p <0.05). The following notation was used to denote

significant levels: * p <0.05; ** p <0.01; *** p <0.001; **** p <0.0001.
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4 RESULTS

4.1 EVALUATION OF THE EFFECT OF CYTOKINES REPRESENTATIVE OF THE TUMOR
MICROENVIRONMENT ON NRF2 EXPRESSION IN NSCLC CELL LINES

Cytokines and growth factors of the TME, such as TGF-p and TNF-a. play a significant role
in cancer progression and in cross-talk between cancer cells and stromal cells. We exposed
two NSCLC cell lines (A549 and H1975) to these agents mimicking TME conditions. Both
TGF-p and TNF-a at 48h of exposure significantly increased the protein expression of the
active phosphorylated form of NRF2 (pNRF2), while the NRF2 inhibitor K67 did not show
a significant effect. When K67 was used in combination with TGF-f or TNF-a caused an
strongly inhibition the modulatory effect of the two cytokines on NRF2 expression, as showed
using western blot assay. Furthermore, we found a reduction in p21 protein expression, a
negative regulator of the cell cycle, when NSCLC cells were exposed to TGF-p or TNF-a.
This reduction correlates with the increase in NRF2. Conversely, when cells were exposed to
K67, in the presence of the two cytokines, we found an increase in p21 and an inhibition of

NRF2 (Fig.6). This effect was more pronounced after the treatment with TGF-.
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Figure 6: A549 and H1975 NSCLC cell lines were exposed for 48 hours to the NRF?2 inhibitor K67 [50uM] and
to the cytokines TGF- [5ng/ml] and TNF-a [50U/ml] alone or in combination with NRF2 inhibitor. Data from

western blot analysis are normalized to untreated cells (CTRL) and Tubulin, results are represented as a mean +

SEM, ****P < (0.0001,***P < 0.001, **P<0.01, and *P<0.05.

K67 has a weak inhibitory effect on the interaction between Keapl and Nrf2. However, K67

competitively binds to the p-p62 binding site on Keapl, leading to the inhibition of over-

activation of the p62-dependent Nrf2 pathway. To exclude any toxicity effects of the Nrf2

inhibitor K67 we performed a viability assay both at increasing doses of the inhibitor alone

and in combination with the cytokines at the highest dose and no effects on cell viability were

observed (Fig.7).
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Figure 7: Time-dose dependent cell viability assessed by MTT assay, the data shown are normalized to the
untreated condition (CTRL)

In addition, our investigations revealed that cytokine exposure did not affect NSCLC cells
viability.

4.2 ISOLATION AND CHARACTERIZATION OF CANCER-ASSOCIATED FIBROBLASTS
FROM HUMAN ADENOCARCINOMA

Our initial findings established that TGF-B, a prominent TME-associated cytokine,
significantly upregulates the expression of NRF2 in two distinct NSCLC cell lines. Given that
TGF-B is not only a crucial mediator of TME fibrosis but also a pivotal agent in the cross-talk
between cancer-associated fibroblasts and tumor cells, we focused our efforts on the isolation

and characterization of different CAF populations from NSCLC patients.

4.2.1 Identification of CAF population by CD90 expression via flow
cytometry

To develop a more physiologically relevant model, we successfully isolated primary CAFs
from human adenocarcinoma tissue samples obtained from three different patients. Prior to
their use in co-culture experiments, the isolated cells were characterized to confirm their
phenotype. CAF identity was validated by flow cytometry, which confirmed the expression of
the specific surface marker CD90 and the lack of expression of the epithelial cell-specific

marker CD326.
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Figure 8 Representative flow cytometry plots demonstrating the gating strategy and expression profile of CD90 (a
mesenchymal/fibroblast marker) and CD326 (a epithelial specific marker) in the three patient-derived isolates
(CAF#1, CAF#2, and CAF#3).

4.2.2 Confirmation of activated myofibroblast phenotype through
alphaSMA expression and stress fibres formation

To further validate the activated cancer-associated phenotype of the isolated CAFs, we
compared the expression of a-SMA (alpha-Smooth Muscle Actin), a canonical myofibroblast

activation marker, with that of a normal fibroblast cell line.

We utilized MRC5 cells, a normal human lung fibroblast cell line, as a non-malignant
comparator. Western blot analysis revealed a markedly elevated basal expression of a-SMA
across all three patient-derived isolated cell populations (CAF#1, CAF#2 e CAF#3) compared
to the MRCS5 control cells (Fig.9A)

The myofibroblast phenotype was visually confirmed by immunofluorescence (IF) staining
for a-SMA. The images demonstrated that the three CAF populations presented a highly
distinct, elongated, and contractile morphology characterized by prominent cytoplasmic a-
SMA stress fibres. In sharp contrast, MRC5 cells exhibited minimal oa-SMA staining and

lacked the well-organized stress fibre architecture (Fig.9B).
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Figure 9 (A) Representative Western blots showing the basal protein expression levels of a-SMA in the three CAFs
isolates compared to MRCS5 normal fibroblast cell line. GAPDH was used as the loading control. Densitometric
quantification of alphaSMA Data are presented as three independent experiments and show a significantly higher
expression of the protein target.(B) Representative immunofluorescence (IF) images for a-SMA (green) in MRCS
and CAF isolates. Nuclei were counterstained with DAPI (blue), stress fibres with Phalloidin (red). Scale bar 25
uM.

This significantly higher a-SMA expression and the characteristic stress fibre architecture
confirm that our isolated CAF populations exhibit a spontaneously activated myofibroblast
phenotype, a key characteristic distinguishing them from quiescent fibroblasts and justifying
their role as a central component of the tumor microenvironment in our subsequent functional

assays.

4.3 TARGETING THE TUMOR MICROENVIRONMENT: ANTI-FIBROTIC EFFECTS OF
PIRFENIDONE ON PATIENT-DERIVED CANCER-ASSOCIATED FIBROBLASTS

To investigate the therapeutic potential of targeting the TGF-B signaling axis in the NSCLC
tumor microenvironment, we evaluated the effects of an antifibrotic drug, Pirfenidone.
Pirfenidone is a clinically approved anti-fibrotic agent used for treating Idiopathic Pulmonary
Fibrosis (IPF), primarily through the inhibition of TGF-B signaling. Given its mechanism of
action and the critical role of TGF-B in CAF function, we exposed the isolated patient-derived

CAFs to Pirfenidone.
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The CAFs from all three patients were treated with a concentration of 1.5 mg/mL (a dosage
consistent with previous literature) for 24 and 48 hours. The subsequent fibrotic and activation
status of the CAFs was analysed by assessing the expression of key markers via Western blot

and real-time PCR.

The Western blot analysis provided molecular evidence of reduced fibrotic component
activation following Pirfenidone treatment, though notable inter-patient variability was
observed (Fig.10). The primary target, TGF-p expression, exhibited a significant decrease
across all three patient-derived, validating the drug's mechanism of action. However, the
kinetics of this response differed: CAFs from Patient 1 showed a delayed but robust
downregulation of, which became significant only at the 48 hour time point. In contrast, CAFs
from Patient 2 and Patient 3 displayed a faster response, with TGF-f expression already
significantly reduced at the 24 hour time point (Fig. 10B). The response of Collagen I
(Col1ATl) expression further highlighted the heterogeneity of the CAFs, CAF#1 and CAF#2
showed the expected significant decrease in Collagen I protein levels after 48 hours of
treatment. Conversely, CAF#3 exhibited a counter-intuitive increase in Collagen I production
at both the 24hour and 48hour time points. This suggests that CAF population in CAF#3 may
possess an underlying, TGF-B -independent mechanism driving ECM synthesis, or that the
TGF-B inhibition in this patient leads to a compensatory feedback loop (Fig.10C). The
myofibroblast differentiation marker, 0-SMA, was consistently and effectively suppressed by
Pirfenidone treatment in all three CAFs isolates, indicating a successful inhibition of the CAF

activation status (Fig.10A).
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Figure 10 : Representative Western blots showing the protein expression levels of TGF-f, a-SMA, and Collagen 1
in CAFs .CAF's were treated with 1.5 mg/mL Pirfenidone for 24 and 48 h. Data from western blot analysis are
normalized to untreated cells (NT) and VINCULIN or GAPDH, results are represented as a mean += SEM, ****P
<0.0001,***P <0.001, **P<0.01, and *P<0.05.

To complement the Western blot data and determine whether Pirfenidone’s effects were
regulated at the transcriptional level, we analysed the mRNA expression of TGF-f and
COLI1A1 in the treated CAFs (Fig.11). TGF-B transcript levels show compensatory
upregulation in stark contrast to the significant reduction observed in TGF-f protein levels via
Western blot, the real-time PCR analysis revealed a robust and significant increase in TGF-3
mRNA transcript levels in all three CAFs isolates (Fig.11A). Unlike the complex regulation
seen for TGF-p, the transcriptional levels of the key extracellular matrix component, Collagen
I (COL1A1), showed a consistent and significant downregulation in response to Pirfenidone

across all three CAFs isolates (Fig.11B).
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Figure 11 : Expression of TGF-fi and COL1A1 mRNA transcript levels in CAFs by RT-PCR, data are normalized
to untreated cells (NT) and GAPDH. results are represented as a mean = SEM ****P < (0.0001 ,***P < 0.001,
**P<(.01, and *P<0.05 vs untreated (NT).

4.4 TRANSITION TO FUNCTIONAL IN VITRO CO-CULTURE MODELS:

ASSESSING CAF-MEDIATED EFFECTS ON NSCLC CELLS VIA CONDITIONED

MEDIUM

Given the critical role of secreted factors in mediating CAF— tumor cell cross-talk within the
TME, we utilized CAF-derived conditioned medium (CM) isolated from the three patients
populations to mimic the complexity of the microenvironment in vitro. This CM was generated
from CAFs that were either treated with Pirfenidone (PFD) or without (as an untreated
control). Subsequently, this conditioned medium was applied to three distinct NSCLC cell
lines A549, H1975 and H1299, allowing us to investigate how Pirfenidone's anti-fibrotic effect
on CAFs and on the TME perturbation functionally impacts the tumor cells themselves. It is
important to note that the CAFs were treated with PFD for the duration of the conditioning
period, and this CM was subsequently used directly on the NSCLC cells. Consequently, the
CM contains residual, unquantified PFD. Therefore, the observed effects on NSCLC cells
depend on the combined result of the altered CAF phenotype and may be also on the effect of
the “remaining” PFD drug.
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4.4.1 Evaluation of NSCLC cell viability in response to CAF-derived
conditioned medium

To evaluate the functional consequences of Pirfenidone treatment on CAFs, we assessed the
impact of the resulting CM on the viability and proliferation of three distinct NSCLC cell lines
A549, H1975, and H1299 using the MTT assay.

The basal effect of the untreated CAF (CM-CAF) on NSCLC viability was largely non-
significant across most combinations of isolates and cell lines. However, the findings from
CAF#3 highlighted a pronounced inter-patient heterogeneity, demonstrating a pro-
proliferative effect, A549 and H1299 cells showed a significant increase in viability when
exposed to CM-CAF#3 p < 0.05. The kinetics of this effect differed by cell line: the increase
was evident at 48 hours for A549 cells, but appeared earlier, at 24 hours, for H1299 cells.
H1975 cells, however, remained largely unaffected by any untreated CM.
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Figure 12 : MTT assay results showing the quantification of viable A549, H1975, and H1299 cells after 24h/48h
of exposure to primary CAF-derived conditioned media (CM). Treatment conditions include CM from untreated
CAFs (CM-CAF/-PFD) and Pirfenidone-treated CAFs (CM-CAF/+PFD), data are represented as Optical Density
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(OD). Results are represented as a mean £ SEM ****P < (0.0001 ,***P < 0.001, **P<0.01, and *P<0.05 vs
untreated (NT)

In striking contrast to the basal effects, CM derived from Pirfenidone-treated CAFs (CM
CAF/+PFD) generally had significantly impaired the viability of NSCLC cells across the three
cell lines and the CAF populations. However, the CAF#3 isolate continued to display unique
characteristics: the anti-proliferative effect of CM CAF#3/+PFD is evident in H1975 and in
H1299 cells, but failed to show a significant reduction in the viability of A549 cells, which
remained statistically similar to the untreated CM CAF#3/-PFD. Despite the highly varied
response kinetics observed with the CAF#3 isolate, the overall data suggest that the PFD-
mediated modulation of CAFs is largely successful at suppressing the release of pro-
tumorigenic factors, thus promoting an anti-proliferative phenotype in the NSCLC cells. The
non-response in A549 exposed to CM CAFW#3 +PFD highlights the need for a mechanistic
investigation into the specific secretome signature of CAF\#3 that confers resistance to PFD’s

indirect effects on the A549 line.

4.4.2 Pirfenidone exerts limited cytotoxicity on NSCLC cells but fails to
directly modulate NRF2 signaling in NSCLC cells

To distinguish the indirect, CAF-mediated effects of Pirfenidone from any potential direct
effects on NSCLC cells, we first evaluated its direct cytotoxicity and then its influence on

NRF2 signaling.

We assessed the cytotoxicity of Pirfenidone on the three NSCLC cell lines A549, H1975, and
H1299 using the MTT assay (Fig.13).
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Figure 13 MTT assay results showing the percentage of viable A549, H1975, and H1299 cells after exposure to
PFD at various concentrations. Results are represented as a mean + SEM ****P < (0.0001 ,***P < 0.001,

**P<(.01, and *P<0.05 vs untreated (NT)
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The results confirmed that Pirfenidone exhibits limited, concentration-dependent cytotoxicity
across all three lines, with the calculated half-maximal inhibitory concentration IC50 being
approximately 2 mM (Fig.14).

IC50=1,967 mM I1C50-1,956 mM 1C50-1,883 mM
150 150 150

% Response
g

% Response

% Response

2.0 25 3.0 3.5 4.0

PFD [uM]
H1299

-0.5 0.0 0.5 1.0
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Figure 14 Determination of Pirfenidone IC_50 values across NSCLC cell lines. Dose-response curves represent
the effect of increasing concentrations of Pirfenidone (PFD) on the viability of A549, H1975, and H1299 cells after
treatment. The half-maximal inhibitory concentration IC 50 was calculated using a non-linear regression model
(log[inhibitor] vs. normalized response). Data points represent the mean + SD of at least three independent

experiments.

This IC50 value served as the upper threshold for direct treatment, contrasting sharply with
the 1.5 mg/mL, the PFD dose used for CAF modulation, which is closer to 8§ mM.

Based on the IC 50 data, we selected two distinct concentrations for testing the direct
modulation of NRF2 signaling: the IC_50 dose (2 mM) and the high CAF-modulating dose (8
mM). Western Blot analysis on A549, H1975, and H1299 cells revealed that direct treatment
with Pirfenidone at either 2 mM or 8 mM failed to induce any detectable change in the
expression levels of the active form p-NRF2. These findings collectively demonstrate that,
while Pirfenidone possesses a minor, direct cytotoxic effect on NSCLC cells at high

concentrations, the modulatory effect on the NRF2 pathway was not observed (Fig.15)
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Figure 15 : Representative Western blots showing the protein expression levels of pNRF?2. Data from western blot
analysis are normalized to untreated cells (NT) and GAPDH, results are represented as a mean + SEM, ****P <
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4.4.3 Conditioned medium from CAFs modulates NRF2 signaling in
NSCLC cells

To investigate the molecular mechanisms underlying the observed changes in NSCLC cell
viability and to elucidate the CAF-mediated modulation of tumor cell fate, we examined the
NRF2 pathway, as a critical mediator of cellular survival and resistance, in response to the
CAF-derived conditioned medium (CM). This analysis was conducted under the hypothesis
that the CAF secretome, from a myofibroblast phenotype (Section 4.4.2) would contain factors
that activate the NRF2 pathway in NSCLC cells. One of these agents is TGF-p, a key regulator
of CAF function that we showed to be inhibited by PFD in CAFs. Given our finding that PFD
alone does not directly modulate NRF2 signaling (Section....), we focused solely on the CAF-
mediated effects. We analysed the expression of the stabilized and active form of NRF2 (p-
NRF2 S40), the canonical downstream target NQO1, and the upstream regulator p62 after
exposure to untreated CM (CM CAF/-PFD) and PFD-modulated CM (CM-CAF/ +PFD) from

all three patient isolates.

The NRF2 pathway response in A549 cells (Fig.16) to the CAF conditioned media was
characterized by significant inter-patient heterogeneity, confirming the diverse nature of the
CAF secretomes. Analysis of the untreated CM revealed that the basal activation of the NRF2
pathway was highly specific to the CAF isolate. p-NRF2 expression, showed a significant
increase only when A549 cells were exposed to CM CAF\#3 -PFD, while isolates CAF\#1 and
CAF\#2 did not induce a statistically significant activation of this factor. This pattern of
heterogeneity extended to the downstream targets: NQO1 upregulation was observed with CM
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CAF\#1 -PFD and CM CAF\#3 -PFD, but not CM CAF\#2 -PFD. Furthermore, the upstream
regulator p62 was uniquely affected, showing a significant increase with CM CAF\#2 -PFD
but a significant reduction with CM CAF\#3-PFD. The CM derived from PFD-treated CAFs
showed distinct suppressive patterns when compared to their respective untreated controls. p-
NRF2 expression was the most consistently modulated component, showing significant
downregulation by CM-CAF/A+PFD from all three isolates. However, the downstream
response was, again, heterogeneous. Suppression of the target gene NQOI1 and the regulator
p62 was significantly observed only with CM-CAF\#1 +PFD and CM-CAF\#2 +PFD.
Crucially, the CM CAF\#3 +PFD failed to downregulate both NQO1 and p62 expression. This
lack of suppression of the NRF2 downstream targets NQO1 and p62 CM CAF\#3 +PFD
correlates directly with the failure of this specific conditioned medium to inhibit A549 cell
viability in the MTT assay (Section 4.4.1). This molecular pattern suggests a functional link
between the degree of CAF-mediated modulation of NRF2 targets and the ultimate

proliferative outcome of the A549 cells.
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Figure 16 Representative Western blots showing the protein expression levels in A549 cells of pNRF2, NOOI and
p62. Data from western blot analysis are normalized to untreated cells (NT) and GAPDH or Vinculin, results are
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The NRF2 pathway response in H1975 cells (Fig.17) highlighted inter-patient variability in
the basal activation state but generally demonstrated a broader susceptibility to PFD

modulation.

Basal exposure to untreated CM led to a significant activation of p-NRF2 in H1975 cells,
specifically with CM derived from CAFW#2 and CAF\#3 isolates. The CM from CAF\#1,
however, did not show a statistically significant effect on p-NRF2 stabilization. Interestingly,
unlike the A549 line, the expression of the downstream target NQO1 remained unaltered by
the CM from all three CAF isolates. For the expression of p62, only the CM CAF\#3 -PFD

caused a significant increase.
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Figure 17 Representative Western blots showing the protein expression levels in H1975 cells of pNRF2, NQOI and
p62. Data from western blot analysis are normalized to untreated cells (NT) and GAPDH or Vinculin, results are

represented as a mean = SEM, ****P < (0.0001,***P <0.001, **P<0.01, and *P<0.05.

The CM derived from PFD-treated CAFs showed a general tendency toward suppression. The
most uniformly suppressed component was p-NRF2, whose expression was significantly
downregulated by CM-CAF/+PFD from all three isolates CAFs, compared to their respective
controls. This indicated a consistent suppression of NRF2 stabilization regardless of the CAF
origin. Despite this robust apical suppression, the downstream target NQO1 was significantly
reduced only by CM-CAFW#2 +PFD, while CAF#1 and CAF\#3 failed to elicit a change.
Finally, p62 expression showed a complex and bidirectional regulation: CM-CAF\#2+PFD
induced an increase in p62, whereas CM CAF\#3 +PFD caused a significant decrease in p62
when compared to the treatment with CM CAF\#3 -PFD.

The NRF2 pathway response in H1299 cells (Fig.18) was distinct from the other two lines,
demonstrating a lower basal susceptibility to CM-mediated NRF2 activation but high

sensitivity to PFD modulation.
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Figure 18 : Representative Western blots showing the protein expression levels in H1299 cells of pNRF2, NOQOI
and p62. Data from western blot analysis are normalized to untreated cells (NT) and GAPDH or Vinculin, results
are represented as a mean = SEM, ****P < 0.0001,***P <0.001, **P<0.01, and *P<0.05.

Analysis of the untreated CM revealed that the H1299 line was significantly less responsive
to basal CAF signaling. Specifically, no significant increase in the phosphorylated form of
NRF2 was observed when exposed to the CM from any of the three CAF isolates. This
suggests that the activating factors present in the CM were not sufficient or appropriate to
induce NRF2 stabilization in this specific cell line. Despite the lack of p-NRF2 increase, the
downstream target NQO1 still showed a complex regulation: levels increased significantly
with CM CAF\#1 -PFD but decreased significantly with CM CAF#3 -PFD. The expression

of p62 mirrored the same complex, isolate-specific patterns observed in the H1975 cells.

4.4.4 Pirfenidone-Modulated CAFs impair cell proliferation: correlation with
NRF2 and p21 modulation
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To directly measure the anti-proliferative effect of the PFD-modulated CAF secretome and to
investigate its association with the NRF2 pathway, cell counts and analysis of the cell cycle

inhibitor p21 were performed.

To establish NRF2 as a crucial mechanistic link in the anti-proliferative effect, we introduced
ML385 as a pharmacological tool. ML385 is a potent, non-competitive small molecule
inhibitor highly specific for NRF2, functioning by distrupting its ability to bind to the
antioxidant response elements (ARE). By comparing the effects of the CM-CAFs/+PFD
(which suppresses NRF2 via the secretome) with ML385 (which suppresses NRF2 directly),
we aimed to functionally validate whether the suppression of NRF2 is sufficient to drive the
observed reduction in proliferation in each NSCLC line. To ensure optimal pharmacological
targeting of NRF2 in NSCLC cells, we first determined the effective inhibitory concentration
of ML385 across all three cell lines. A Western Blot analysis using two concentrations of
ML385 (10 uM and 20 uM) was done to evaluate the inhibitory effect on NRF2, and the
modulatory effect on p21 and p62. The results showed that 20 uM of ML385 was the optimal
concentration required to consistently achieve a significant downregulation of pNRF2 across
all three NSCLC lines. Consequently, the 20 uM concentration was selected for subsequent

experiments.

Cell counting assays were performed on NSCLC cell lines (A549, H1975 and H1299) exposed
to CM over 24 and 48 hours. Across all three NSCLC lines and all three patient isolates, CM
derived from PFD-treated CAFs consistently and significantly reduced the proliferation rate
compared to the untreated CM control. Conversely, the basal CM control exhibited a pro-

proliferative effect in several combination.
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Figure 19: Quantification in percentage of A549 cell numbers under the indicated experimental conditions (CAF-
conditioned media +/- PFD and ML385) (A). Representative Western blots showing the protein expression levels
in A549 cells of pNRF2, p21 and p62 under ML385 exposure at different concentrations (B). Representative
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Vinculin, results are represented as a mean £ SEM, ****P <0.0001,***P <0.001, **P<0.01, and *P<0.05.
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Figure 20: Quantification in percentage of H1975 cell numbers under the indicated experimental conditions (CAF-
conditioned media +/- PFD and ML385) (4). Representative Western blots showing the protein expression levels
in H1975cells of pNRF2, p21 and p62 under ML385 exposure at different concentrations (B). Representative
Western blots showing the protein expression levels in HI1975cells of p21 under the indicated experimental
conditions (CAF-conditioned media +/- PFD) (C). Data are normalized to untreated cells (NT) and GAPDH or
Vinculin, results are represented as a mean £ SEM, ****P <0.0001,***P <0.001, **P<0.01, and *P<0.05.
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Figure 21 Quantification in percentage of H1299 cell numbers under the indicated experimental conditions (CAF-
conditioned media +/- PFD and ML385) (4). Representative Western blots showing the protein expression levels
in H1299 cells of pNRF2, p21 and p62 under ML385 exposure at different concentrations (B). Representative
Western blots showing the protein expression levels in H1299 cells of p21 under the indicated experimental
conditions (CAF-conditioned media +/- PFD) (C). Data are normalized to untreated cells (NT) and GAPDH or
Vinculin, results are represented as a mean £ SEM, ****P <0.0001,***P <0.001, **P<0.01, and *P<0.05.

In A549 and H1975 cells the treatment with ML385 resulted in a significant reduction in cell
proliferation, in contrast ML385 failed to induce a significant inhibitory effect on H1299 cell

proliferation.

We investigated the downstream cell cycle regulation by analysing the CDK inhibitor p21.
Western blot analysis across all responsive NSCLC lines showed that CM-CAFs/+PFD
treatment led to a significant increase in p21 protein levels, a pattern expected of cell cycle
inhibition. To directly link this induction to NRF2 status, we analysed p21 expression
following ML385 treatment:

A549 and H1975 under ML385 exposure led to a significant downregulation of pNRF2 and
consequently a marked increase in p21 expression. This confirms a functional NRF2-p21

regulatory axis in these lines.

In the H1299 cell lines, consistent with the absence of a functional anti-proliferative effect,
ML385 treatment did not induce any significant increase in p21 expression. While the potential
contribution of residual PFD in the conditioned medium cannot be excluded, the differential
response to ML385 provides strong evidence for the existence of parallel mechanisms of

proliferation control.
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4.4.5 Validation of NRF2 silencing with siRNA as a specific tool for functional

assays

To achieve highly specific modulation of the NRF2 pathway, complementing the
pharmacological inhibitor ML385, and to secure more precise tool for subsequent functional
assays in combination with the CM, we optimized genetic silencing via siRNA targeting exon
4 of the Nrf2 transcript. The choice to target exon 4 (which encodes the Neh3 domain) is
critical: this domain is essential for NRF2’s stability and its ability to recruit co-activators,
thereby directly impacting the activation of gene transcription. This precise approach allows
us to specifically ablate the NRF2 protein’s transcriptional function, offering a focused method

to study its role.

To guarantee maximum efficacy while minimizing potential off-target effects, a dose
optimization study was conducted over time across all three NSCLC cell lines. We tested
scalar concentrations (10nM, 50nM and 100 nM) for Nrf2siRNA and the high concentration
for the scrambled siRNA (NegCTRL) and analysed them via western blot at 24h, 48h and 72h
for the expression of pNRF2 and the key transcriptional target NQOI1.
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Figure 22 : Western blot evaluation of NRF?2 silencing. Protein expression of pNRF2 (A) and NOQOI (B)in A549

cells transfected with different concentrations of siRNA at different time points. Representative Western blots
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showing the protein expression levels (C).
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Figure 23: Western blot evaluation of NRF2 silencing. Protein expression of pNRF2 (4) and NQOI (B)in H1975

cells transfected with different concentrations of siRNA at different time points. Representative Western blots

showing the protein expression levels (C). Data are normalized to untreated cells (NT) and GAPDH or Vinculin,

results are represented as a mean + SEM, ****P <(0.0001,***P <0.001, **P<0.01, and *P<0.05.
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Figure 24: Western blot evaluation of NRF2 silencing. Protein expression of pNRF2 (4) and NQOI (B)in H1299
cells transfected with different concentrations of siRNA at different time points. Representative Western blots
showing the protein expression levels (C). Data are normalized to untreated cells (NT) and GAPDH or Vinculin,
results are represented as a mean + SEM, ****P <(0.0001,***P <0.001, **P<0.01, and *P<0.05.

The optimization results showed that the lowest concentration, 10 nM of siRNA for NRF2,
was sufficient to induce a significant inhibitory effect on NQO1 expression across all three
cell lines, with the effect being clear at the 24-hours’ time point. Note that for H1975 cells,
data at the 100nM concentration were non included as this dose proved fatal to cell viability,
indicating intrinsic toxicity of the siRNA or the transfection complex at that level. Since NQO1
serves as a robust and sensitive readout of NRF2 transcriptional activity, its effectiveness al
10 nM allowed us to select this concentration as optimal for subsequent functional assays,
particularly those testing the impact of NRF2 genetic silencing on NSCLC cells exposed to
the CM under various conditions. This provides a reliable instrument to mechanistically

decouple the NRF2 axis from other pathways activated or suppressed by the CM.
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4.4.6 Pirfenidone-Modulated CAFs impair NSCLC cell invasion: Dissection of the

NREF2 role

With the aim to evaluate if the PFD-mediated alteration of the CAF secretome impacts the
aggressive potential of tumoral cells and to dissect the contribution of NRF2 to this
mechanism, we performed transwell invasion assays to investigate the effects of TME and

NRF2 silencing on invasive capacity.

The invasiveness of A549, H1975 and H1299 cell lines was tested over 24 hours using

matrigel-coated transwell inserts. These three cell conditions were compared:

e Un-transfected cells (NT)
e Scrambled siRNA (NegCTRL) cells transfected with a non-targeting siRNA
e Nrf2-silenced cells (siNrf2)

The invasive capacity of these three cellular conditions was tested in the presence of normal
medium, in the presence of CM-CAFs/-PFD or CM-CAFs/+PFD. Furthermore, to establish a
functional baseline for NRF2 involvement in invasion process, invasiveness of cells treated

with ML38S5, in the presence of normal medium were also evaluated.

The pharmacological inhibition of NRF2 with ML385, in standard medium, resulted in a
significant inhibitory effect on A549 cells invasiveness. This confirmed the role of NRF2 as a
contributor to the basal invasive capacity of this cell line. We then examined the effect of

genetically disrupting NRF2 in combination with the CM conditions (siNrf2 and NegCTRL).

The greatest inhibitory effect on A549 invasiveness was consistently achieved by the
combination of Nrf2 silencing and the PFD-modulated CM (siNrf2 in CM-CAF/+PFD). This
combination resulted in a significant lower number of invading cells compared to all other
conditions, particularly when cells were exposed to the CM derived from CAF#1 and CAF#2
(Fig.25 B,C)
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Figure 25: Quantification of invaded A549 cells in percentage, under the indicated experimental conditions (CAF-
conditioned media and NRF2 silencing) from the three different CAFs (A,B,C). Representative images of the
Transwell invasion assay showing invaded A549 cells under the indicated experimental conditions (CAF-
conditioned media and NRF?2 silencing) from the three different CAFs (D,E,F), cells were stained with Crystal
Violet. Data are normalized to untreated cells (NT), results are represented as a mean £ SEM, ****P <

0.0001,***P < 0.001, **P<0.01, and *P<0.05.

Consistent with the results found in A549 cells, also in H1975 cell line the pharmacological
inhibition of NRF2 with ML385 showed a significant inhibitory effect on H1975 cell invasion.
We also found that, H1975 cells exposed to the CM-CAF/+PFD derived from CAF#1 and
CAF#2, in combination of Nrf2 silencing resulted in a synergic or additive inhibitory effect,
leading to the lowest levels of invasion observed. In sharp contrast with these findings, in
H1975 cells exposed to the CM derived from CAF#3 there was no significant difference in
invasiveness between Nrf2 silenced cells exposed to CM-CAF/-PFD and CM-CAF/+PFD, in

both cases a significant inhibitory effect on invasiveness was already achieved (Fig.26)
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Figure 26: Quantification of invaded HI1975 cells in percentage, under the indicated experimental conditions
(CAF-conditioned media and NRF2 silencing) from the three different CAFs (4,B,C). Representative images of the
Transwell invasion assay showing invaded HI1975 cells under the indicated experimental conditions (CAF-
conditioned media and NRF?2 silencing) from the three different CAFs (D,E,F), cells were stained with Crystal
Violet. Data are normalized to untreated cells (NT), results are represented as a mean £ SEM, ****P <

0.0001,***P < 0.001, **P<0.01, and *P<0.05.

In H1299 cell lines we observed the most complex profile of response. In un-transfected cells
the treatment with ML385 in standard medium caused only a slight decrease in invasive
capacity, the combination of siNrf2 and CM-CAF/+PFD represented the condition with the
lowest number of invading cells, particularly with the CM of CAF#1. Under the treatment with
CM-CAF#2 the effect of CM-CAF/+PFD was not significantly different between siNrf2 cells
and unsilenced cells, indeed, the inhibition of invasiveness is due to the CM-CAF/+PFD alone.
The response to CM-CAF#3 was completely different. The treatment with CM-CAF/+PFD
showed no significant inhibitory effect on invasive capacity compared to the treatments with

other medium.
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Figure 27 : Quantification of invaded H1299 cells in percentage, under the indicated experimental conditions
(CAF-conditioned media and NRF2 silencing) from the three different CAFs (4,B,C). Representative images of the
Transwell invasion assay showing invaded HI1299 cells under the indicated experimental conditions (CAF-
conditioned media and NRF?2 silencing) from the three different CAFs (D,E,F), cells were stained with Crystal
Violet. Data are normalized to untreated cells (NT), results are represented as a mean £ SEM, ****P <

0.0001,***P < 0.001, **P<0.01, and *P<0.05.

The comprehensive analysis of transwell invasiveness assay consistently revealed a critical
level of heterogeneity in the CAF secretome response to PFD across all NSCLC cell lines.
CM-CAF/+PFD derived from CAF#1 and CAF#2 generally resulted in a robust inhibitory
effect, often accompanied by an additive effect when the treatment was associated with Nrf2
silencing. Conversely, the treatment with CM from CAF#3 presented a distinct pattern. Indeed,
the treatment with CM-CAF/+PFD from CAF#3 failed to induce a significant inhibitory effect

on invasiveness when compared to its corresponding CM-CAF/-PFD in all three cell lines.

4.5 ESTABLISHING A 3D MULTICELLULAR SPHEROID MODEL TO STUDY
TME MODULATION

To establish a physiologically relevant, reliable model for future studies of NSCLC
progression and its interaction with the TME, we optimized the formation of multicellular
tumor spheroids (MCTS) using patient-derived CAFs from patient #1 and the three NSCLC
cell lines (A549, H1975 and H1299). The primary objective of this preliminary experiment
was to validate the MCTS system as a functional tool capable of recapitulating the TME

response to anti-fibrotic modulation.
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MCTS were constructed using CAFs that had been pre-treated for 48h with PFD or in normal
medium; following this pretreatment the CAF were co-cultured with the NSCLC cells at a 2:1
ratio (2 CAF and 1 tumor cell), mimicking the high stromal density found in fibrotic tumors.

The cells were allowed to aggregate and form stable spheroids over a period of 24/48 hours.

In all the tested conditions and cell lines, the mixed CAF/cancer cells aggregates successfully
formed compact, well-defined MCTS within 24 hours, confirming the stability and viability
of the 3D model.

Subsequent quantification of the spheroid dimensions after the 24 hours aggregation phase

revealed a highly significant difference in size based on the CAF pretreatment (Fig.28).
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Figure 28 Quantification and representative images of 3D multicellular spheroids. Co-cultures of NSCLC cells
and primary CAFs (1:2 ratio) under the indicated experimental conditions (£ Pirfenidone). Images were captured
using brightfield microscopy. Data are normalized to untreated cells (CAF NT), results are represented as a mean

+ SEM, ¥**¥*P <(.0001,***P <0.001, **P<0.01, and *P<0.05.

Spheroids constructed with CAF treated with PFD were consistently and significantly smaller
in diameter compared to the MCTS constructed using with normal CAF, across all three

NSCLC cell lines.

This result not only validates the MCTS system as an appropriate model for our cell lines but
also demonstrates that the pre-treatment of CAF with PFD fundamentally alters their ability
to support 3D aggregation and initial growth of the tumor cell mass. The reduced spheroid size
observed with CAF treated confirms that this model is sensitive enough to capture the effects
of CAF modulation, making it a robust platform for subsequent functional studies of the TME

and NRF2 implications.
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S DISCUSSION

Lung cancer remains the leading cause of cancer-related mortality worldwide with Non-Small
Cell Lung Cancer (NSCLC) accounting for approximately 85% of all cases. NSCLC is a highly
heterogeneous disease, traditionally classified into histological subtypes such as
adenocarcinoma, squamous cell carcinoma and large cell carcinoma. Despite significant
improvements in early detection and molecular characterization, the prognosis for many
patients remains poor, largely due to late-stage diagnosis and the inevitable emergence of

therapeutic resistance.

The treatment paradigm for NSCLC has undergone a radical transformation over the last
decade. The shift from conventional platinum-based chemotherapy toward targeted therapies
and immunotherapy ( e.g., Immune Checkpoint Inhibitors targeting PD-1/PD-L1) has
significantly extended survival for subsets of patients. However, the high plasticity of tumor
cells and the protective influence of the surrounding environment often lead to treatment
failure, highlighting the need for strategies that address the tumor not as an isolated entity, but
as a complex ecosystem [157], [158], [159] .For this reasons it is important to consider and
investigate the role of the tumor microenvironment (TME) in tumor progression and resistance
to therapies. The TME is a sophisticated network of cellular and non-cellular components,
including immune cells, blood vessels, extracellular matrix (ECM) and cancer-associated
fibroblasts (CAFs). CAFs represent the most prominent cellular component of the TME,
characterized by the expression of specific markers such as alphaSMA, these cells undergo a
“fibroblast-to-myofibroblast” transition, acquiring a highly secretory and contractile
phenotype. TGFbeta, secreted in primis by cancer cells, is the master regulator driving the
transformation of resident fibroblasts into activated CAFs, once activated, CAFs themselves
secrete high levels of TGFbeta creating a self-sustaining autocrine loop that maintains their
activated state. In NSCLC the TME is frequently characterized by a “desmoplastic reaction”,
an aberrant fibrotic response driven primarily by activate CAFs [160], [161]. In addition to
TGFbeta, these cells secrete excessive ECM proteins creating a stiffened physical barrier that
impairs drug delivery and provides biochemical cues that promote tumor cell survival,

epithelial-to-mesenchymal transition (EMT), and the promotion of metastatic diffusion [162].

The critical stressed microenvironmental conditions, in association with the selective pressure
of the therapeutic treatments lead NSCLC cells to adopt signalling pathways for survival. One
of these pathways is the activation of NRF2 (Nuclear factor erythroid 2-related factor 2).
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Traditionally recognized for its role in protecting normal cells from oxidative damage, NRF2
is often hijacked in cancer. Its hyperactivation driven by canonical mutations (KEAP1) or non-
canonical signalling from the stroma-leads to a robust antioxidant response, metabolic
reprogramming and enhanced detoxification. This “NRF2 addiction” allows tumor cells to
survive in the hostile, pro-oxidant environment of the fibrotic stroma and resist the cytotoxic

effects of chemotherapy and radiotherapy[163], [164], [165] .

While the role of NRF2 in tumor cells is well-documented, its regulation within the complex
landscape of the TME remains an area requiring urgent investigation, this study emphasizes
the role of “stromal normalization”. The “stromal normalization” is not merely the reduction
of physical density of the extracellular matrix but relates to the interference on biochemical
crosstalk between host cells (fibroblasts) and cancer cells that take place in the fibrotic

microenvironment driven by TGF-beta and NRF2 pathway.

Initially, it was essential to evaluate the impact of key cytokines representative of the
inflammatory and fibrotic TME, specifically TGF-beta and TNF-alpha, on the modulation of
NRF2, within A549 and H1975 cell lines, which serve as established in vitro models of
NSCLC. Western blot analysis confirmed that both cytokines significantly upregulated the
expression of NRF2. Notably, this increase was specifically observed in its active,
phosphorylated form (p-NRF2), suggesting that these TME-derived stimuli can trigger the
intracellular antioxidant and cytoprotective signalling pathways of tumor cells. The
phosphorylated form of NRF2 at Ser-40, verified by using the specific antibody, is mediated
by the protein Kinase C and is responsible for activating the nuclear translocation mechanism
of NRF2 and the subsequent activation of transcription following binding to ARE sites[166]
.For this reason, in the ongoing work, the expression of NRF2 in this form was analyzed.
Simultaneously, we investigated the impact of these cytokines on the expression of p21
(CDKNI1A). Beyond its established role as a pivotal cell cycle regulator, p21 has been
characterized as a key mediator in the oxidative stress response through its direct interaction
with the NRF2 signalling axis [167].To further elucidate this crosstalk, we employed K67, a
specific chemical inhibitor that targets the Keap1/p62 interaction, thereby blocking the non-
canonical activation of the NRF2 pathway. Our findings revealed that the downregulation of
p21 expression induced by cytokine treatment was significantly reverted when cells were co-
treated with K67. This suggests that the modulation of p21 is functionally linked to the aberrant
activation of the NRF2 pathway in this context. Furthermore, to ensure that these fluctuations
in protein expression were not biased by cellular suffering, MTT assays were performed,
confirming that the observed molecular changes were not secondary to a decrease in cell
viability. The pharmacological inhibition of NRF2 (via K67) leading to a recovery of p21

levels strongly indicates the existence of a negative feedback loop.
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Having stablished that TGF-beta serves as a potent inducer of the NRF2 pathway and
modulates the p21/NRF2 axis, we sought to validate these findings within a more
physiological relevant context. To this end, our study integrated CAFs isolated from patients
affected by NSCLC. While the use of recombinant TGFbeta allowed us to isolate specific
signalling events, transitioning to patient-derived CAFs was essential for several reason. First,
CAFs provide a complex secretome that includes not only TGFbeta but also a cocktail of
cytokines, chemokines and ECM components that more accurately mimic the lung cancer
milieu. Second, utilizing patient-derived cells, we account for the inter-patient heterogeneity
inherent in lung adenocarcinoma, this approach allows us to confirm whether the NRF2
dynamics we observed are a fundamental feature of the CAF-cancer cell interaction rather than

a transient response to a single exogenous stimulus.

To translate our molecular findings into a clinical context, we established primary cultures of
CAFs from three patient lung cancer biopsies. The reliability of the subsequent experiments
hinged on the rigorous isolation and characterization of these cells to ensure a pure
mesenchymal population, free from epithelial contamination. The isolation process relied on
the differential ability of fibroblasts to rapidly adhere to plastic surface, a standard technique
for enriching mesenchymal cells from dissociated tissue. To confirm the success of this
enrichment, we performed flow cytometry analysis focusing on two key membrane antigens:
CD90(Thy-1), a well established glycosylphosphatidylinositol-anchored glycoprotein used as
a positive marker for fibroblasts and mesenchymal-derived stem cells and CD326 (EpCAM),
an epithelial cell adhesion molecule used here as a negative marker to exclude any
contaminating tumor cells or normal epithelial cells. FACS analyses demonstrated that the
isolated populations were nearly 100% positive for CD90and negative for CD326. To defining
feature of CAF as “activated” (or myofibroblastic phenotype), we analyzed the expression of
alphaSMA using both western blot and immunofluorescence assays. To provide a baseline for
normal fibroblast behavior, we used the MRC5 (human fetal lung fibroblasts) cell line as a
control. MRCS5 cells represent a quiescent or non-activated fibroblast phenotype, making them
the ideal benchmark to quantify the degree of activation in our patient-derived samples.
Interestingly, we observed a relative increase in alphaSMA expression across our samples.
While all the three samples revealed high expression of alphaSMA and were defined as
“activated”, there were differences in expression intensity: CAF#1 lowest activation prophile,
CAF#2 intermediate and CAF#3 highest activation profile. This variability between three

primary CAF is particularly noteworthy as it reflects the clinical heterogeneity of lung cancer.

The pivotal role of the TGFbeta axis in maintaining CAF activation led us to explore a targeted
pharmacological intervention using Pirfenidone (PFD), as a clinically approved antifibrotic

agent. PFD was chosen for its known ability to inhibit the TGFbeta signalling cascade and

54



reduce extracellular matrix deposition and is already under study as a drug directed against
TME[168], [169], [170] .Our goal was to determine if the pro-tumorigenic CAF phenotype
could be “reverted” toward a more quiescent state. Our results demonstrate that PFD
effectively disrupt the myofibroblastic signature across the primary CAF lines. The consistent
downregulation of alphaSMA and TGFbeta protein levels indicates a successful disruption of
the autocrine loop that sustains CAF activation. By reducing these makers, PFD effectively
“deactivates” the stroma, potentially limiting its ability to drive the NRF2-mediated stress
response in neighbouring cancer cells. While CollAl transcripts decreased in all CAF
populations, the protein levels paradoxically increased in CAF#3 (the most activated line), this
discrepancy suggests a post-translational stabilization, allowing the fibrotic matrix to persist
despite the inhibition by the antifibrotic agent PFD. While the consistent increase in TGFbeta
mRNA across all three lines indicates a robust compensatory feedback loop, the CAFs likely

attempt to overcome the blockade by upregulating the transcription of the ligand itself.

To better simulate the paracrine interactions within the tumor microenvironment we developed
an indirect in vitro co-culture model using conditioned media (CM) from primary CAFs. A
crucial methodological aspect of this approach was the use of CM harvested from CAFs
previously treated with PFD. Because each CM was used “as-is”, following the incubation
period, it inevitably contained residual non-metabolized PFD. Given that the exact
concentration of the remaining drug was unknown, we determined whether the modulation of
NRF2 in NSCLC cells is a result of the altered CAF secretome or a direct pharmacological
effect of the drug. Thus, NSCLC cell lines were treated directly with Pirfenidone at two
concentration: the dose used in CAFs experiments [171] and the specific /Csp dose calculated
for the tumor cells. Our findings demonstrated that PFD, even at the highest concentration,

had no direct effect on NRF2 expression in the cancer cells.

We next evaluated the impact of the normal and “reverted” CAF secretome on NSCLC cell
behaviour. The viability assays demonstrate that the secretome of PFD-treated CAFs generally
caused a significant decrease in cell viability, a striking exception was observed in the
interaction between A549 cells and CAF#3, the most activated line; untreated CM from this
CAFs significantly increased AS549 viability, highlighting a particularly potent pro-
tumorigenic secretome, in this specific combination, the CM-CAF#3/+PFD failed to reduce
viability, instead showing no net effect. Taken together, these findings highlight that non-toxic
pharmacological interventions frequently reach a plateau of ineffectiveness. This plateau
reflects a biological adaptation to the drug, where the malignant environment develops a
'habituation' that neutralizes the treatment's impact over time. Furthermore, we focused on the
activation of NRF2 signalling pathway in the cross-talk between cancer cells and CAF-CM.

In a complex signalling environment, measuring NRF2 protein levels alone is often
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insufficient to confirm true pathway flux. Therefore, we expanded our analysis to include key
downstream effectors and regulator, specifically NQO1 (NAD(P)H Quinone
Dehydrogenasel) and p62(SQSTM1). Analyzing NQOI1 is essential as it serves as a primary
transcriptional target of NRF2; its downregulation provides definitive evidence of reduced
NRF?2 transcriptional activity. Simultaneously, monitoring p62 is crucial because it facilitates
a “non-canonical” activation of NRF2 by sequestering Keapl. By observing the dynamics of
these proteins, we explored whether CAF secretome influences NRF2 through classical or
alternative regulatory loops. Our results reveal a consistent trend: treatment with CM/+PFD
from all three primary CAF lines led to a significant reduction in NRF2 activation, and this
was mirrored by a clear decrease in NQO1 expression. Moreover, the non-canonical activation
of NRF2 typically involves p62, and we found that pNRF2 levels changed independently of
p62 suggesting that the NRF2 induction driven by the CAF is directed by other direct
secretome-driven events. A central finding of this study is the correlation between CAF
activation status and the magnitude of NRF2 induction in cancer cells. As we predicted from
our preliminary TGFbeta experiments, the secretome from untreated CAFs function as a potent
inducer of NRF2. Crucially the level of NRF2 activation followed a kind of gradient of CAF
aggressiveness, indeed CAF #3 triggered the most robust NRF2 upregulation. This suggests
that the “richer” and more aggressive the CAF secretome is, the more intensely it will force

the cancer cell into an NRF2-high, pro-survival state.

It is fundamental to mention that while the CAF secretome acted as a inducer of NRF2, H1299
cell line exhibited a distinct lack of response. In these cells, exposure to the CM from all three
CAF lines failed to trigger a significant increase in NRF2 activation, the lack of NRF2
induction in H1299 cells underscores the critical role of the genetic background in determining

the response to the CAF secretome.

Among the complex of the results obtained we suggest that NRF2 downregulation in NSCLC
cells is a paracrine effect. Indeed, PFD which “reprograms” CAF secretome deprives the

cancer cells of the external stimuli normally required to sustain high NRF2 levels.

To confirm that the NRF2 signalling directly dictates the proliferative capacity of NSCLC
cells, we performed cell count assays and protein analysis using NRF2 inhibitor ML385 as a
strategic control. It is important to distinguish the mechanism of ML385 action from the
previously used K67. While K67 typically interferes with the NRF2-Keapl protein-protein
interaction to block the pathway’s activation, ML385 acts as a direct transcriptional inhibitor,
it binds specifically to the Nehl domain of NRF2, preventing it from binding to the ARE of
its target genes. This allows us to verify if the effects on proliferation are specifically due to

the transcriptional output of NRF2. Whereas K67, that was used to define the relationship
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between NRF2 and p21 in response to cytokine stimulation, failed to inhibit pNRF2 expression
at basal level, we found that ML385 inhibits NRF2 activation. In both A549 and H1975 lines,
we observed a consistent functional pattern, the CM from untreated CAFs exerted a stromal
support with a clear pro-proliferaive effect, reinforcing the idea that an activated stroma
actively pushes cancer cells through the cell cycle. This pro-tumorigenic effect was effectively
downregulated by PFD. CM from treated CAFs induced a drastic and significant reduction in
cell proliferation. Crucially, direct inhibition of NRF2 via ML385 yielded an almost identical
inhibitory effect to that obtained in PFD-treated CM. The most compelling evidence for our
proposed mechanism is the expression of p21. We observed a significant upregulation of p21
in two specific conditions: when cancer cells were exposed to the “reverted” secretome and
when NRF2 was directly blocked. Stromal deactivation, via PFD and direct NRF2 inhibition
with ML385 lead to a similar phenotypic outcomes, characterized by an upregulation of p21
and reduced proliferation. These results suggest a potential association between CAF-derived
signals and the modulation of these proteins. In addition, these findings indicate that the pro-
proliferative influence of the stroma might be, at least in part, related to a interplay between
NRF2 and p21, although the precise molecular hierarchy of this interaction remains to be fully
elucidated. The H1299 cell line exhibit a distinct response profile. While direct NRF2
inhibition via ML385 did eventually lead to an antiproliferative effect, this response was
notably delayed compared to the other lines and occurred without any detectable upregulation
of p21. This result suggests that in the p53-null background of H1299, the potential NRF2/p21
regulatory axis is disrupted or entirely absent. In contrast, the more rapid and robust growth
inhibition observed with CM-CAFs/+PFD suggests that the “reverted” CAF secretome targets
a broader range of survival signals beyond just NRF2. Furthermore, we cannot exclude that
residual PFD within CM contributes to this immediate effect by acting directly on H1299.
However, it should be taken into account that the viability analysis carried out with PFD on
the tumor cells showed a weak cytostatic effect. It is plausible to think that while CAF-
reversion is a key driver of tumor suppression, the presence of the drug itself provides a
”second hit” that ensures growth inhibition even in those cells like H1299 cell lines, where the

NRF2/p21 axis is less responsive.

To further validate the role of NRF2 in cancer progression, we employed a genetic approach
with a knockdown strategy, we targeted Exon4 of the NRF2 gene, which encodes the Neh3
domain, essential for the transcriptional activation; the effectiveness of silencing was validated
by observing a significant reduction in NQOI1 expression, confirming the successful
distribution of NRF2-transcription process. In the invasion assays, we tested the capacity of
these NRF2-silenced cells to migrate through a reconstructed basement membrane in response

to the CAF secretome and in most experimental conditions. We observed that “disarming” the
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cancer cell through NRF2 silencing and “deactivating” the stroma via the perturbation with
PFD were effective individually. However, the most significant reduction in invasiveness
occurred when these strategies were combined. This suggests that the maximal therapeutic
benefit may be achieved only when the tumor’s internal antioxidant defence (NRF2) is
silenced simultaneously with the withdrawal of stimuli from the CAF secretome. Despite the
general success of this synergy, the heterogeneity of the tumor microenvironment introduced
notable exceptions. In A549 cells, the secretome of the most aggressive line CAF#3 appeared
to partially override the treatments. Significant inhibition in this specific pairing was only
achieved via NRF?2 silencing in basal condition, suggesting that CAF#3 produces a “threshold”
of pro-invasive factors that can bypass some of the inhibitory effects of PFD. The behaviour
of H1299 cells reinforces their unique profile. Unlike the other lines, silenced condition alone
failed to decrease invasion, a result mirrored by the lack of response to the ML385 control.
This confirms that while H1299 cells are sensitive to the broader changes in the CAF
secretome, they may do not primary rely on the NRF2 axis to execute their invasive program.
These results illustrate that while the NRF2-p21-invasion axis is the powerful driver in A549
and H1975 lines, the most aggressive CAFs (CAF#3) and p53-null backgrounds (H1299)
present more complex challenges. Collectively, these data support a model where stromal
deactivation is most effective when tailored to the specific genetic vulnerabilities of the tumor,
with the combination of NRF2 inhibition and antifibrotics representing a potent, although

context-dependent strategy to block metastasis.

In conclusion of this study, we established a preliminary 3D multicellular co-culture model
using primary #2 CAFs. To better simulate the tumor architecture. A strategic 1:2 ratio of
tumor cells to CAF was employed to ensure the stromal component remained well-
represented, and effectively counteracting the naturally faster proliferation of the cancer cells.
This approach proved highly feasible and revealed that multicellular spheroids containing
PFD-treated CAF were significantly smaller than those with untreated CAF, demonstrating
that stromal deactivation effectively limits tumor-stroma growth even within a spatial

arrangement.

The successful implementation of this 3D model provides a sophisticated platform for
dissecting the symbiotic relationship between the stroma and the tumor. By precisely mapping
the molecular cross-talk and the spatial activation of NRF2 at the tumor-CAF interface, this
system may be useful in identifying novel therapeutic targets designed to disrupt this
cooperation. Beyond target discovery, this model offers a translational window into
personalized medicine. By accounting for variables like matrix stiffness and mechanical
signalling, it allows for the screening of stroma-targeted therapies and explores how a reduced

fibrotic environment might enhance the penetration and efficacy of traditional chemotherapy.
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