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Lung cancer is the first cause of cancer death worldwide and has been recently declared the 

most common tumor in the world. Non-small cell lung cancer (NSCLC) accounts for 85-90% of all 

lung cancers and it is unfortunately characterized by poor prognosis and late diagnosis. The 

introduction of tyrosine kinase inhibitors (TKIs) specifically targeting oncogenic mutations, 

including EGFR, BRAF, ALK and ROS1, in clinical practice has redefined treatment options for 

oncogene-driven NSCLC. On the other hand, the use of immune checkpoint inhibitors (ICIs) has 

provided an important breakthrough in the treatment of patients with unknown or undruggable 

oncogene-driven tumors. However, the emergence of therapeutic resistance remains a critical 

challenge. Tumor heterogeneity and the presence of resistant tumoral subclonal populations often 

lead to disease progression despite initial responses to TKIs or ICIs. Additionally, certain mutationsï

like BRAF class III and other "orphan mutations"ïare currently lacking effective targeted therapies, 

leaving patients with these mutations underserved by available treatment options. 

The aim of this PhD project was to investigate the mechanisms of resistance to the current 

therapeutic approaches, identify prognostic markers of response to therapy and explore novel 

therapeutic strategies for the treatment of NSCLC by directly analyzing tumors from therapy-resistant 

patients. To achieve these goals, we established a panel of primary cell cultures and patient-derived 

xenografts (PDXs) from tumor specimens of patients receiving TKI- or ICI-based therapies, whose 

disease progressed during treatment. 

Within this panel, which included cases with rare clinical and molecular features, we 

concentrated our investigations on specific cell models, each offering unique insights into critical 

aspects of NSCLC resistance. First, these models enabled us to explore the role of tumor 

heterogeneity in TKI resistance by characterizing the ROS1-rearranged ADK-VR2 cell line and the 

EGFR-mutated LIBM-ADK-11 cell line. We also explored novel therapeutic strategies for tumors 

harboring orphan mutations that currently lack effective treatment options, utilizing the BRAF class 

III -mutated ADK-14 and PDX-ADK-36 cell lines. Moreover, we examined the mechanisms 

underlying resistance or adverse responses to ICI therapy, such as hyperprogressive disease (HPD), 

utilizing the KRAS-mutated ADK-17 and ADK-18 cell lines. To further investigate the molecular 

mechanisms driving hyperprogression and ICI resistance, we also employed a preclinical in vivo 

model of ICI resistance developed in syngeneic immunocompetent mice, using the transgenic murine 

BoLC.8M3 cell line, which carries a KRAS mutation and is p53 knock-down.  

Together, these models create a comprehensive platform to advance our understanding of 

resistance mechanisms in NSCLC and support the development of more effective targeted therapies. 
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1. AN OVERVIEW ON LUNG CANCER  

Lung cancer holds an unfortunate double record in cancer global burden, as it is not only the 

first cause of cancer death worldwide, accounting for the 18.7% of the total cancer deaths, with an 

estimated 1.8 million deaths in 2022, but it has also recently surpassed breast cancer as the most 

commonly diagnosed neoplasm in the world (12.4% of cases vs 11.6%) (Bray et al., 2024).  

Despite men are twice as likely to be diagnosed with lung cancer, incidence and mortality 

among women is continuing to rise, unlike men (Bray et al., 2024; International Agency for Research 

on Cancer - World Health Organization, Cancer Today). The reasons of this trend are probably 

multifactorial, and may include increased tobacco consumption by women over the years, biological 

factors, genetics and sex differences in tolerability to therapies (Florez et al., 2024). Additionally, 

low-income countries report the highest mortality rates for lung cancer due to limited access to 

healthcare and cancer treatment, as well as inadequate public health initiatives for smoking cessation 

and early detection, despite generally lower incidence rates compared to high-income countries 

(Leiter et al., 2023; Bray et al., 2024). Indeed, despite environmental and occupational factors have 

been reported to contribute to lung cancer incidence, including exposure to secondhand smoke, 

asbestos, radon and air pollution, smoking tobacco remains the predominant risk factor for lung 

cancer, being responsible for about 85% of all cases (Leiter et al., 2023). Interestingly, the remaining 

cases of lung cancer are diagnosed in patients who never smoked and, contrarily to smoking-related 

lung tumors, their incidence is increasing, according to cancer statistics (de Alencar et al., 2022; 

LoPiccolo et al., 2024). Smoking-related and non-smoking related lung tumors are considered two 

totally distinct entities in terms of biological, genetic and epidemiological features, leading to 

important implications regarding the choice of the optimal therapeutic approach (Yano et al., 2008; 

de Alencar et al., 2022).  

 

2. LUNG CANCER SCREENING  

Regardless of the risk factors, lung cancer shows a tremendous mortality rate due to the 

absence of adequate screening programs which inevitably leads to late-stage diagnosis. Indeed, it has 

been estimated that only 15% of lung cancer patients are still alive 5 years after the diagnosis and that 

about 70% of patients show advanced, metastatic disease at the time of the diagnosis (de Koning et 

al., 2020). Conversely, patients with early-stage lung cancer have been reported to have a >75% 

chance of survival over 5 years (Goldstraw et al., 2016). It is clear that implementing screening 

programmes able to identify patients affected with lung cancer at earlier stages can be considered a 

significant public health concern, since it would significantly improve lung cancer patientsô survival 
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chances. Currently, the only available existing screening approach for the early diagnosis of lung 

cancer is the low-dose computed tomography (LDCT)-based screening in asymptomatic individuals, 

which is still in an experimental phase and whose risk and benefits are still under evaluation. LDCT 

is the only approach that has demonstrated a significant reduction of mortality rates in patients who 

were at high risk of developing lung cancer (e.g., current and former heavy smokers, Ó 30 or more 

pack-years of cigarette smoking history), as reported by two major, independent, large randomized 

controlled trials, the US National Lung Screening Trial (NLST) and the NELSON trial (Aberle 2011; 

de Koning et al. 2020). The NLST reported that subjects undergoing annual LDCT-based screenings 

for three years showed a 20% relative reduction in mortality from lung cancer, as compared to 

subjects undergoing chest radiography-based screenings with the same frequency, after a median 

follow up of about 7 years (Aberle et al., 2011). Accordingly, the NELSON trial reported that lung 

cancer-related mortality had reduced by a quarter in patients that had undergone LDCT-based 

screening procedures (executed four times in six years), as compared to patients that had not been 

screened (Ru Zhao et al., 2011; de Koning et al., 2020).  

Despite the evidence about the impact that LDCT-based screening programmes may have on 

lung cancer-related mortality reduction, the compliance to this procedure is still suboptimal (Pham et 

al., 2020). In the United States of America (USA), lung cancer LDCT-based screening is annually 

performed in high-risk patients, according to the U.S. Preventive Services Task Force (USPSTF) 

recommendations (i.e., annual screening for adults aged 50-80 years with a smoking history of at least 

20 pack-years or that have quit within the last 15 years) (Bandi et al., 2024). Nevertheless, a report 

from the American Lung Association estimated that only about 6% of eligible Americans underwent 

LDCT-based screening in 2021 (American Lung Association, 2022).  

Similarly, United Kingdom (UK) is also implementing lung cancer early detection through 

LDCT-based screening programmes, inviting adults aged 55-74 with an history of smoking in their 

GP health record to be assessed for their risk and eventually be screened  (Oudkerk et al., 2021; 

Mahase, 2023). Nevertheless, even among the most efficient centers of the UK in terms of recruitment 

of high-risk adults for lung cancer screening, very few have reported a percentage of participation 

rate that reaches 50% (Crosbie et al., 2019; Ghimire et al., 2019; Bartlett et al., 2020).  

It is clear that the real-world effectiveness of lung cancer screening is still very far from the 

one reached by other screening programmes, including breast, cervical and colorectal cancer 

screening programmes (Armstrong et al., 2016). The reasons are to be found in several factors, 

including inadequate awareness about the topic, stigma associated with smoking, financial concerns, 

cost-effectiveness, lack of knowledge among physicians regarding screening guidelines and 

recommendations and geographic disparities in healthcare access (van der Aalst et al., 2021; Amicizia 



  Introduction 

 

17 
 

et al., 2023). By the way, the implementation of LDCT-based screening is still ongoing and it will 

presumably become standard clinical practice in the next years. In this context, the parallel 

implementation of smoking cessation interventions should be integrated into lung screening 

programmes, in order to achieve the best possible results in terms of patientsôsurvival. 

 

3. LUNG ANATOMY AND LUNG CANCER HISTOLOGY  

The lung is a complex organ used for multifaced primary and secondary functions, which 

include not only efficient gas exchange (Haddad, 2024), but also blood pH and blood pressure 

regulation (Takase et al., 2023), filtering and excretion of substances from the bloodstream (Joseph 

et al., 2013), metabolic roles (Alvarado & Arce, 2016; Liu & Summer, 2019), protection and 

temperature and humidity regulation (Haut et al., 2023; Haddad, 2024). The lungs are two paired, 

cone-shaped organs within the thoracic cavity, separated by the mediastinum and covered by double-

layered pleural membranes, which secrete a certain amount of pleural fluid that lubricates the pleural 

surfaces reducing friction during breathing (Chaudhry, 2024). Structurally, the lung consists of 

respiratory bronchioles leading to alveolar ducts, which open into clusters of alveoli (Nanjwade et 

al., 2011). Bronchi and alveoli are surrounded by a connective tissue, enriched not only of lymphatic 

vessels, blood vessels and nerves, but also of several cell types, including macrophages, fibroblasts, 

and other immune cells (Ruge et al., 2013; Patel et al., 2015).  

Considering its primary function of gas exchange, the lung is constituted of more than 40 cell 

types, which form a unique architecture necessary to guarantee its functioning (Cunniff et al., 2021).  

The main types of cell types found in the lung are listed below (Figure I ): 

1. Epithelial Cells: 

¶ Basal cells: progenitors for other epithelial cell types, located in the airway epithelium 

(Cardoso & Whitsett, 2008); 

¶ Goblet cells: responsible for mucus production (D. F. Rogers, 1994); 

¶ Ciliated cells: endowed cilia that facilitate the moving of mucus and debris out of the 

airways (Gohy et al., 2019);  

¶ Club cells: responsible for surfactants secretion, involved in detoxification and located 

in the bronchioles (Cardoso & Whitsett, 2008); 

¶ Pulmonary neuroendocrine cells (PNECs): involved in airway-nerve 

communication, airway oxygen sensing, regulation of pulmonary blood flow, control 

of bronchial tonus, modulation of immune responses (Song et al. 2012);   
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¶ Type I pneumocytes: extremely thin cells that line the alveoli, facilitating gas 

exchange between the alveoli and blood (Song et al., 2012); 

¶ Type II pneumocytes: responsible for surfactant secretion, they can differentiate into 

type I pneumocytes (Song et al., 2012). 

2. Immune cells: 

¶ Alveolar macrophages (AMs): involved in innate defense mechanism, located within 

the alveoli (Chang et al., 2023); 

¶ Dendritic cells: responsible for the recognition and internalization of microbial 

antigens and the initiation of specific immune responses, located within the epithelium 

and interstitium of the lung (Lambrecht et al., 2001).  

 

Figure I . The main types of cell lines found in the lung ï from He et al., 2022. 

In addition, bronchioalveolar stem cells (BASCs) have been also identified at the interface 

between the bronchioles and alveoli. These epithelial progenitor cells possess a bipotent nature, 

enabling them to differentiate into both Club cells and type II pneumocytes (Jones Freeman & 

Starkey, 2020). 
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The origin of lung cancer can involve different types of cells among the ones described above. 

This type of malignancy is indeed highly heterogenous and, as described by the World Health 

Organization (WHO), can be characterized by widely variable clinicopathological features (Travis, 

Brambilla, Nicholson, et al., 2015). A histological classification of lung cancer is essential not only 

for the diagnosis, but also for the choice of adequate treatment planning.  

Lung cancer can be classified in two major histological subgroups: Non-Small Cell Lung 

Cancer (NSCLC), which accounts for 85-90% of all lung cancer cases, and Small Cell Lung Cancer 

(SCLC), which is less common, making up about 10-15% of all lung cancer cases (Figure II A).  
 

 

Figure II . Lung cancer histology and NSCLC molecular classification ï from Thai et al., 2021. (A) Frequency of 

lung cancer histologies. (B) Frequency of NSCLC histologies. (C) Frequency of oncogenic driver mutations in NSCLC.  

The names of the two subgroups refer to the microscopic appearance of the cancer cells, which 

allows to distinguish the type of lung cancer based on cell size and morphology (Nicholson et al., 

2022).   
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SCLC is thought to arise from PNECs, it is more aggressive and faster-growing as compared 

to NSCLC and its treatment is mainly based on chemotherapy combined with radiation therapy 

(Karachaliou, 2016). Differently, NSCLC is thought to originate from epithelial cells, including basal 

cells, BASCs or type II pneumocytes (Sutherland & Berns, 2010; Semenova et al., 2015). This type 

of lung tumor is generally less aggressive as compared to SCLC and shows a wider range of 

therapeutic options, including surgery, chemotherapy, radiation therapy, immunotherapy, and 

targeted therapy (Lemjabbar-Alaoui et al., 2015).  

NSCLC can be further histologically subdivided into non-squamous lung adenocarcinoma 

(LUAD), which is the most common subtype of NSCLC, particularly in non-smokers (78% of 

NSCLC cases), lung squamous cell carcinoma (LUSC), strongly associated with cigarette smoking 

(18% of cases), and other rare types of NSCLC tumors, which include large cell carcinoma, 

adenosquamous carcinoma and sarcomatoid carcinoma (about 4% of cases) (Pelosi et al., 2015; Li & 

Lu, 2018; Li et al., 2020; Chen & Dhahbi, 2021) (Figure II B).  

 

4. NSCLC MOLECULAR CLASSIFICATION  

The recent advances in the field of molecular pathology, including the advent of sequencing 

technologies such as next-generation sequencing (NGS), have allowed the identification of specific 

molecular profiles within NSCLC, enhancing the understanding of the molecular pathology of this 

malignancy. The 2015 WHO Classification included a description of these novel NSCLC molecular 

profiles, based on the identification of potentially targetable driver genetic alterations in lung cancer 

(Travis, Brambilla, Burke, et al., 2015; Inamura, 2017). Later, the 2021 WHO Classification further 

updated these classifications, giving insights into the clinical management of NSCLC cases based on 

their molecular characteristics (Nicholson et al., 2022). These advances allowed to discover that 

approximately half of NSCLC adenocarcinomas shows actionable genetic mutations, paving the way 

for personalized therapeutic options (Navani et al., 2022; Friedlaender et al., 2024).   

Since the identification of the epidermal growth factor receptor (EGFR) as the first gene 

carrying oncogenic driver alterations in NSCLC in 2004 (Lynch et al., 2004), several additional 

oncodriver genes have been identified to carry targetable mutations. These include Kirstin rat sarcoma 

virus (KRAS), v-raf murine sarcoma viral oncogene homolog B (BRAF), c-MET proto-oncogene 

(MET), human epidermal receptor 2 (HER2 or ErbB2), anaplastic lymphoma kinase (ALK), 

rearranged during transfection (RET), ROS proto-oncogene 1 (ROS1) and rearranged neurotrophic 

receptor tyrosine kinase (NTRK) genes (Le et al., 2023), as well as newly emerging targets such as 

phosphatidylinositol-3 kinase (PIK3CA) and fibroblast growth factor receptors (FGFR1-3), which are 
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expanding the landscape of actionable mutations in NSCLC  (Scheffler et al., 2015; Tan, 2020; Zhou 

et al., 2021). 

KRAS mutations are the most common alterations found in about 25% of NSCLC patients, 

followed by EGFR (~17% of cases), BRAF (~5%), MET and HER2 (~4% each), ALK (~3%), RET 

(~2%), ROS1 and NTRK (~1% each) (Thai et al., 2021) (Figure II C). 

The identification of actionable oncogenic driver mutations associated with NSCLC in routine 

clinical practice is mainly executed through the use of high-throughput sequencing methods such as 

NGS, as recommended by oncology societies such as ESMO and ASCO (Singh et al., 2022).  

Polymerase chain reaction (PCR) techniques are also often used in conjunction with sequencing 

methods (Sholl, 2017). Additionally, fluorescence in situ hybridization (FISH) is employed to detect 

genetic rearrangements and amplifications, such as those involving ALK or ROS1 genes (Conde et 

al., 2022). 

4.1 Targetable oncogenic drivers in NSCLC 

4.1.1 EGFR 

EGFR is a transmembrane protein belonging to the ErbB family of tyrosine kinase receptors, 

which include ErbB1 (EGFR), ErbB2 (HER2), ErbB3 (HER3) and ErB4 (HER4) receptors (Hynes 

& Lane, 2005). EGFR is a receptor tyrosine kinase (RTK) constituted of an extracellular ligand 

binding domain, a transmembrane portion, and an intracellular tyrosine kinase domain, responsible 

for the initiation of the intracellular signaling pathway triggered by the receptor activation. Upon 

binding with a specific ligand, such as the epidermal growth factor (EGF), transforming growth 

factor alpha (TGF-Ŭ) or others (Singh et al., 2016), EGFR undergoes dimerization, forming 

homodimers with other EGFR proteins or heterodimers with other members of the ErbB family.  

EGFR dimerization stimulates its intrinsic tyrosine kinase activity, resulting in 

autophosphorylation of its intracellular domains. This, in turn, activates several pro-growth 

signaling pathways, including the RASīmitogen-activated protein kinase (MAPK), 

PI3K/AKT/mTOR and JAK-STAT pathways (Wee & Wang, 2017).  

In lung adenocarcinoma, EGFR mutations have been reported to be more common among 

Asian, young, female, non/light-smokers (Rosell et al., 2009). The majority of EGFR somatic 

mutations identified in NSCLC are defined as ñactivating mutationsò, since the alteration 

frequently occurs into the adenosine triphosphate (ATP)-binding pocket of the intracellular 

tyrosine kinase domain of the receptor, resulting in a ligand-independent, constitutive activation 

of EGFR signaling (Gazdar, 2009).  
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The most common EGFR mutations identified in NSCLC are exon 19 deletions and exon 21 

L858R point mutations, which account for 90% of EGFR alterations (Zhang et al., 2019). Patients 

carrying these mutations have been reported to show a good response to targeted, tyrosine kinase 

inhibitors (TKIs)-based therapy (Rosell et al., 2009; Mitsudomi et al., 2010; Fukuoka et al., 2011; 

Lee et al., 2013). Nevertheless, a subset of patients harbors uncommon EGFR alterations, which 

comprise an heterogenous group of alterations representing about 10% of all the EGFR-mutated 

NSCLC cases (Bar et al., 2023; Borgeaud et al., 2024). The most frequent uncommon EGFR 

mutations are EGFR exon 20 insertions (2.5% of all lung adenocarcinoma cases), which include 

more than 100 distinct variants and constitute 6% of EGFR-mutations in NSCLC (Yasuda, 

Kobayashi, et al., 2012; Friedlaender et al., 2022). These mutations are generally associated with 

worse prognosis in advanced NSCLC as compared to other EGFR mutations and low response to 

EGFR-targeted therapy (Oxnard et al., 2013; Gristina et al., 2020).  

The current standard of care for EGFR-mutated NSCLC is osimertinib, a third-generation 

EGFR-TKI, which is used both as a first-line treatment or for the treatment of patients who develop 

resistance to earlier-generation EGFR-TKIs. As will be discussed in Section 6.4, osimertinib has 

demonstrated remarkable superiority over first- and second-generation TKIs, not only in terms of 

progression-free survival (PFS) and overall survival (OS), but also in its ability to penetrate the 

central nervous system (CNS) (Miles & Mackey, 2021; Zhang et al., 2023).  

4.1.2 KRAS 

KRAS is a protein involved in the transducing signaling of activated RTKs and in the 

consequent activation of intracellular signaling pathways. Specifically, KRAS is a GTPase protein, 

responsible for the conversion of guanosine triphosphate (GTP) to guanosine diphosphate (GDP). 

The switch between GTP and GDP, and vice versa, acts as a molecular switch. KRAS protein can 

indeed be found in two functional forms: the active GTP-bound state and the inactive GDP-bound 

one (Cascetta et al., 2022). When activated and bound to GTP, KRAS activates downstream 

effectors such as RAF and PI3K, leading to the activation of the RAS/RAF/MEK/ERK MAPK 

pathway, the PI3K/AKT/mTOR pathway or the RAS-like (RAL) pathway, which regulate cell 

division, proliferation, differentiation, and survival (Lambert et al., 2002; Hancock, 2003).  

KRAS is the most frequently mutated oncogene in human cancer and also in NSCLC, in 

which KRAS mutations occur in about 30% of cases (Friedlaender, Drilon, Weiss, et al., 2020; 

Huang et al., 2021). Generally, KRAS mutations show higher frequency among Caucasian, female 

smokers (Judd et al., 2021). The most common alterations identified in NSCLC consists in 

substitution mutations in codon 12 (about 90% of KRAS-mutated NSCLCs), followed by mutations 

in codon 13 (6% of cases) and 61 (1% of cases) (Kalemkerian et al., 2018).  
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The most common mutations involving KRAS codon 12 are the following (Xie et al., 2021; 

Cascetta et al., 2022): 

- G12C mutation (40% of KRAS-mutated NSCLCs), in which a residue of glycine is 

substituted by a residue of cysteine; 

- G12V mutation (18-21% of KRAS-mutated NSCLCs), in which a residue of glycine is 

substituted by a residue of valine; 

- G12D mutation (17-18% of KRAS-mutated NSCLCs), in which a residue of glycine is 

substituted by a residue of aspartic acid. 

KRAS has been long considered an undruggable target due to its intrinsic characteristics, thus 

the development of KRAS-targeting agents has been and continues to be quite challenging. Despite 

this limitation, targeted therapies specific for the KRASG12C mutation, e.g., sotorasib and adagrasib, 

have been successfully developed and approved for clinical use, making G12C the most well-

characterized and targetable KRAS mutation (Addeo et al., 2021).   

4.1.3 BRAF 

BRAF is a serine/threonine kinase involved in the signal transduction downstream of RAS, 

playing a crucial role in the activation of the MAPK signaling pathway, cell growth, differentiation 

and apoptosis (Zaman et al., 2019). The activation of RAS GTPases after the binding of a RTK by 

one of its ligands, leads to the dimerization and activation of RAF family members, which include 

ARAF, BRAF and CRAF (Malumbres & Barbacid, 2003). When activated, BRAF starts a cascade 

of kinase activation, phosphorylating MEK1/2, which in turn activates ERK1/2 proteins. This 

signaling cascade ends with the stimulation of transcription factors which modulate the activation of 

genes involved in several cellular processes (Hussain et al., 2015). In physiological conditions, the 

activation of the MAPK pathway is tightly regulated through mechanisms of negative feedback (Lake 

et al., 2016). Nevertheless, mutations in the BRAF gene result in persistent, uncontrolled activation 

of the RAS/RAF/MEK/ERK pathway, leading to cell proliferation and survival (Dankner et al. 2018).  

BRAF mutations are rare in NSCLC, accounting for 2-5% of lung adenocarcinoma cases and 

are more frequent in never-smokers, women and aggressive histological types (Nguyen-Ngoc et al., 

2015; Thai et al., 2021).  

Based on the site of mutation, kinase activity, RAS-dependency and dimerization status, 

BRAF oncogenic mutations have been categorized in three classes  (Yao et al., 2015): 

- Class I BRAF mutations: this class includes V600E/K/D/R point mutations, which occur 

in the valine residue at codon 600. These mutations lead to a constitutive, RAS-

independent stimulation of BRAF kinase activity, which has been reported to be 500ï

700-fold enhanced as compared to wild type form of BRAF (Wan et al., 2004). In this 
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class of mutations, BRAF signals as a monomer (Dankner et al., 2018; Yan et al., 2022). 

BRAFV600E is the most frequent class I mutation and accounts for 30ï50% of all BRAF 

mutations in NSCLC (Planchard et al., 2024);   

- Class II BRAF mutations: this class includes non-V600 mutations located in the 

activation segment (K601 and L597 mutations) or P-loop (G464 and G469 mutations), 

which are BRAF gene regions involved in the maintenance of the inactive BRAF 

conformation (Karoulia et al., 2016). These mutations lead to impaired RTK and RAS 

signaling by negative feedback and constitutive, RAS-independent, high or intermediate 

stimulation of BRAF kinase activity. In this class of mutations, BRAF requires 

dimerization with other BRAF proteins to activate the MAPK pathway (Dankner et al., 

2018);  

- Class III BRAF mutations: this class also includes non-V600 mutations located in the P-

loop (G466), catalytic loop (N581) or the activation segment with Asp-Phe-Gly (DFG 

motif) (D594, G596) (śmiech et al., 2020). These mutations lead to impaired or dead 

BRAF kinase activity, which in this case is RAS-dependent. In addition, in this class of 

mutations, BRAF requires CRAF to form heterodimers in order to activate MAPK 

signaling pathway (Dankner et al. 2018).  

Non-V600 mutations are the most common mutations in BRAF-mutated NSCLC, accounting 

for 50-80% of the cases (Paik et al., 2011; Litvak et al., 2014; The Cancer Genome Atlas Research 

Network, 2014). While the dual inhibition of the MAPK pathway through BRAF and MEK inhibitors 

turned out to be an efficient therapeutic approach for BRAFV600-mutated NSCLC, BRAFnon-V600-

mutated NSCLC remain orphan of targeted therapies and their treatment currently remains 

challenging (Di Federico et al., 2022).  

4.1.4 MET 

The MET protein, also known as c-Met or hepatocyte growth factor receptor (HGFR), is a 

transmembrane RTK, which, upon binding to its ligand (hepatocyte growth factor, HGF), dimerizes, 

autophosphorylates specific tyrosine residues located within its intracellular kinase domain and 

initiates a downstream signaling cascade that ends with the activation of several intracellular 

pathways involved in cell growth and survival, including RAS-MAPK, PI3K/AKT/mTOR, FAK, 

STAT, RAC/PAK and Wnt/ɓ-catenin signaling pathways (Kim & Salgia, 2009; Recondo et al., 2020). 

Alterations in the MET gene are highly heterogenous and comprise protein overexpression, gene 

amplifications, gene fusions and activating point mutations, which lead to aberrant, constitutive MET 

receptor activation (Frampton et al., 2015; Friedlaender, Drilon, Banna, et al., 2020).  
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In NSCLC, the main identified MET-associated alterations are MET exon 14 skipping 

(METex14, 3-4% of cases) and MET amplifications (MET-amp, 1-5% of cases), which have been 

more frequently reported in older, smoking patients and have been associated with poor prognosis 

(Friedlaender, Drilon, Banna, et al., 2020; Remon et al., 2023; Spitaleri et al., 2023).   

METex14 alterations are generated by the aberrant splicing and skipping of exon 14 in MET 

messenger RNA transcript, resulting in missense mutations, insertions and/or gene deletions. Of note, 

exon 14 contains the binding site for a ubiquitin ligase, thus its skipping results in impaired MET 

ubiquitination and persistent activation (Kong-Beltran et al., 2006; Awad et al., 2016). METex14 

mutations are actionable oncogenic alterations in NSCLC as they show good sensitivity to MET 

inhibitors (Santarpia et al., 2021). For instance, capmatinib and temotinib are two selective MET 

inhibitors that have shown marked efficacy in MET-mutated NSCLC, leading to their approval for 

the treatment of patients harboring MET exon 14 mutations (Mathieu et al., 2022) 

4.1.5 HER2 

HER2 is a transmembrane RTK which, unlike other ErbB family members, does not directly 

bind to any known ligands (Yarden, 2001). The activation of HER2 receptor indeed occurs in a ligand-

independent manner, through its heterodimerization with other ligand-activated members of the ErbB 

family, i.e. EGFR, HER3 or HER4, or through its homodimerization with other HER2 receptors (Hsu 

& Hung, 2016; Friedlaender et al., 2022). In the first case, the binding of the ligands with the other 

ErbB receptors facilitates a conformational change in HER2, inducing its dimerization, 

autophosphorylation and downstream signaling cascades, similarly to other RTKs (Gutierrez & 

Schiff, 2011). In the second case, the formation of HER2 homodimers results in trans-

phosphorylation between the receptorsô kinase domains, leading to the activation of the downstream 

pathways (Santhanakrishnan et al., 2024). HER2 activation triggers intracellular signaling pathways, 

including MAPK, STAT and PI3K/AKT/mTOR pathways, which regulate cell proliferation, survival 

and anti-apoptotic signals (Mazières et al., 2013).  

Alterations in HER2 gene or in the number of HER2 copies can lead to constitutive activation 

of the receptor. In NSCLC these kinds of alterations have been reported to be more frequent in female, 

Asian, non-smoking patients with moderate or poorly differentiated adenocarcinomas (Arcila et al., 

2012). Specifically, the main mechanisms of aberrant activation of HER2 identified in NSCLC are 

HER2 gene mutations (1-4% of cases) or HER2 amplifications (2-5% of cases) (Mazières et al., 2013; 

Yu et al., 2013). For what concerns HER2 mutations, in-frame insertions in exon 20, located in the 

kinase domain of the receptor, are the most common HER2 alterations in NSCLC, accounting for 3% 

of cases. This mutation is particularly frequent among younger non-smokers patients affected with 

adenocarcinoma (Mazières et al., 2013). Regarding HER2 amplifications, these have been reported 
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to rarely occur as de novo alterations (only 2% of NSCLC cases), but rather frequently arise as a 

mechanism of acquired resistance to TKIs-based therapies (13% of cases) (Yu et al., 2013). Currently, 

the only Food and Drug Administration (FDA) approved targeted therapy for HER2-altered, 

metastatic NSCLC patients is the antibody-drug conjugate (ADC) TrastuzumabïDeruxtecan (T-

DXd) (Vathiotis et al., 2023).   

4.1.6 ALK 

ALK is a transmembrane RTK which, upon binding with its ligands, i.e. ALKAL1 and 

ALKAL2 , triggers the classical cascade of signal transduction described for other RTKs, resulting in 

the activation of RAS-MAPK, P3K/AKT/mTOR and JAK-STAT pathways (Reshetnyak et al., 2021). 

ALK expression is generally suppressed post-natally, as its role is predominantly associated with the 

fetal development of the nervous system (Chiarle et al., 2008). Therefore, its post-natally expression 

is frequently considered aberrant and disease-associated.  

In general, the most common ALK alterations are gene rearrangements, which result in the 

expression of fusion ALK proteins that constitutively dimerize, inducing the aberrant activation of 

ALK kinase and downstream signaling pathways (Chiarle et al., 2008). Of note, more than 90 fusion 

partners for ALK have been described (Chiarle et al., 2008). Approximately 3-5% of NSCLC cases 

harbor ALK gene rearrangements, specifically ALK translocations involving the Echinoderm 

Microtubule-associated protein Like 4 (EML4) gene (McKeage et al., 2020). In general, ALK 

rearrangements show higher frequency in younger, light or never-smoker patients with 

adenocarcinoma and are mutually exclusive with EGFR or KRAS activating mutations (Shaw et al., 

2009; Cognigni et al., 2022).  

Other than rearrangements, ALK amplifications have also been reported in some cases of 

NSCLC, while ALK point mutations mainly arise as a mechanism of resistance to TKIs-based 

therapies (Wu et al., 2016).  

Currently, several TKIs have received approval for the treatment of ALK-rearranged NSCLC. 

The first approved targeted therapy for ALK-rearranged, advanced NSCLC was the multikinase 

inhibitor crizotinib, whose use demonstrated improvement in progression-free survival (PFS) as 

compared to traditional chemotherapy (Shaw et al., 2013; Solomon et al., 2014). Second-generation 

multikinase inhibitors, including ceritinib, brigatinib, alectinib and ensartinib, were later approved 

for the treatment of crizotinib-resistant patients and were successful in overcoming acquired 

resistance to crizotinib (Peters et al., 2017; Camidge et al., 2020; Mok et al., 2020; Horn et al., 2021). 

Finally, the third-generation TKI lorlatinib, targeting ALK and ROS1, was approved to overcome the 

acquired resistance induced by previous TKIs-based therapies, and to improve intracranial therapeutic 

efficacy, as ALK-rearranged NSCLCs are known to have high risk for developing brain metastases, 
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which are already detectable in about 30% of patients at the time of diagnosis (Rangachari et al., 

2015; Zou et al., 2015; Solomon et al., 2018; Allen et al., 2021).  

4.1.7 RET 

RET is a transmembrane RTK activated by the binding with ligands belonging to the glial cell 

line-derived neurotrophic factor (GDNF) family of ligands (GFLs) (Takahashi, 2022). Ligand-

induced activation of RET results in dimerization and autophosphorylation of its kinase domains, 

leading to the activation of RAS-MAPK, PI3K/AKT/mTOR and JAK-STAT pathways (Ferrara, 

Auger, et al., 2018). Interestingly, RET intracellular kinase domain shares 37% of homology with the 

one of the ALK receptor (Ferrara, Auger, et al., 2018). Also, similarly to ALK, the most common RET 

alterations include RET gene rearrangements, which lead to the production of a chimeric RET fusion 

protein responsible for the aberrant and constitutive activation of RET downstream signaling 

pathways (Gainor & Shaw, 2013).  

In NSCLC, RET rearrangements are detected in 1-2% of cases and are more frequent in 

younger, non-smoker patients affected with adenocarcinomas (Ferrara, Auger, et al., 2018). 

Additionally, these rearrangements are mutually exclusive with EGFR, KRAS, BRAF mutations and 

ALK and ROS1 translocations (Takeuchi et al., 2012).  

Kinesin family 5B (KIF5B) and coiled coil domain containing-6 (CCDC6) are the two most 

common RET fusion proteins (detected in 70-90% and 10-30% of RET-rearranged NSCLCs, 

respectively) (Sarfaty et al., 2017). Since the treatment of RET-rearranged NSCLC with multikinase 

inhibitors, including cabozantinib, sunitinib and vandetanib, revealed limited efficacy and significant 

toxicity, the therapy of RET-mutated NSCLC has recently shifted towards the use of two RET-

selective TKIs, selpercatinib and pralsetinib, which have demonstrated high response rates, good 

safety profiles and high CNS penetrance, which is fundamental in tumors characterized by high risk 

of brain metastases such as RET-rearranged NSCLC (Drilon et al., 2018; Drilon et al., 2020; Gainor 

et al., 2021; Andrini et al., 2022).  

4.1.8 ROS1 

ROS1 is a transmembrane RTK whose specific physiological roles in human remain 

controversial. Despite the identification of the neural epidermal growth factor-like like 2 (NELL2) as 

a specific physiological ligand of ROS1 in mice, no ligand for the ROS1 receptor in human has still 

been identified so far (Kiyozumi et al., 2020; Drilon et al., 2021). Nevertheless, this protein is believed 

to act as a receptor for growth factors and differentiation signals. Evidence from several studies has 

demonstrated that ROS1 activation results in autophosphorylation of its intracellular tyrosine 

residues, which recruit specific adaptor proteins that stimulate the activation of pathways involved in 
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cell survival, growth and proliferation, including RAS-MAPK, PI3K/AKT/mTOR and JAK-STAT3 

pathways (Drilon et al., 2021).  

Similarly to ALK and RET, ROS1 alterations mainly consist in ROS1 rearrangements, which 

lead to the presence of a constitutively activated chimeric ROS1 fusion protein (Drilon et al., 2021). 

The demographic distribution of ROS1 rearrangements resembles the one of ALK alterations, as these 

mutations are more frequent in female, Asian, younger, non-smoker patients affected with 

adenocarcinoma (Zhu et al., 2015; Park et al., 2018). Additionally, ROS1-rearranged NSCLC also 

show increased risk of brain metastases as compared to other oncogenic-driven tumors (incidence of 

about 35%) (Friedlaender et al., 2024). 

ROS1 rearrangements can involve at least 26 different partner genes, including CD74 (44% 

of ROS1-rearranged NSCLCs), SDC4 (14%) and EZR (16%), and have been reported to be mutually 

exclusive with other oncogenic driver mutations, such as EGFR, KRAS and ALK alterations (Lin et 

al., 2017; Li et al., 2018; Neel et al., 2019; Ou & Nagasaka, 2020; Drilon et al., 2021).  

Considering that the kinase domains of ALK and ROS1-rearranged proteins share a high grade 

of homology (> 80% of the sequence in the ATP-binding sites), crizotinib has also shown a good 

affinity and activity in ROS1-rearranged NSCLC, enough to be approved by the FDA as the first TKI 

for the treatment of ROS1-rearranged NSCLC (Shaw et al., 2019; Guaitoli et al., 2021). Nevertheless, 

crizotinib showed the therapeutic limitations of low intracranial penetration and induction of on-target 

ROS1 mutations, causing acquired resistance to therapy (Gainor et al., 2017). For this reason, the 

multikinase inhibitors entrectinib and reprotrectinib have been approved as preferred therapeutic 

options for patients with intracranial dissemination, due to their superior CNS penetration and 

efficacy as compared to crizotinib (Almquist & Ernani, 2021; Parisi et al., 2022; ten Berge et al., 

2023; Drilon et al., 2024). Lorlatinib has also been approved for the treatment of ROS1-rearranged 

NSCLC, demonstrating promising results regarding its intracranial penetrance and its capacity to 

overcome resistance in patients who have progressed on earlier TKI-based therapies (Girard et al., 

2022; Testa et al., 2023; Ahn et al., 2024).  

4.1.9 NTRK 1/2/3 

The neurotrophic receptor tyrosine kinase (NTRK), also known as tropomyosin receptor 

kinase (TRK) proteins, are a family of RTKs, encoded by the NTRK1, NTRK2 and NTRK3 genes. The 

ligands of NTRK consist in four neurotrophic factors, i.e., nerve growth factor (NGF), brain-derived 

neurotrophic factor (BDNF), neurotrophin 3 (NT-3) and neurotrophin 4 (NT-4), involved in the 

development and survival of neurons (Skaper, 2012; Amatu et al., 2019). Upon ligand binding, NTRK 

receptor undergoes dimerization, which induces the autophosphorylation of residues located in the 

kinase domain and the typical signaling cascade described for other RTKs, which lead to the 
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activation of downstream pathways, including RAS-MAPK, PI3K/AKT/mTOR, PKC and PLCɔ 

pathways, all involved in neuronal development and function (Amatu et al., 2019).  

NTRK translocations are quite rare alterations, detected in less than 1% of NSCLC cases (F. 

Liu et al., 2022). More than 25 fusion partners have been identified for NTRK, including ETV6, LMNA 

and TPM3 (Vaishnavi et al., 2013; Marchiò et al., 2019). The result of NTRK fusions is the production 

of chimeric NTRK proteins characterized by constitutive activation of downstream signaling 

pathways, which promote tumor growth and survival. Generally, NTRK translocations in NSCLC are 

mutually exclusive with other common oncogenic alterations, including KRAS, EGFR, ALK and 

ROS1 mutations or rearrangements (F. Liu et al., 2022).   

For NSCLC patients harboring NTRK fusions, the fist-generation TKIs larotrectinib and 

entrectinib have been approved as first-line treatments (F. Liu et al., 2022; Friedlaender et al., 2024). 

Nevertheless, the development of resistance to these therapies remains a major limitation, 

necessitating the finding of alternative therapeutic options for this subset of patients (F. Liu et al., 

2022).  

 

5. NSCLC STAGING 

Adequate tumor staging is crucial for determining the prognosis of the disease and the 

planning of better treatment options. Guidelines recommend the combined use of imaging methods, 

including fluorodeoxyglucose positron emission tomography (FDG-PET) and computed tomography 

(CT) (Heineman et al., 2017), while other techniques such as magnetic resonance imaging (MRI), 

provide better information about the extent of tumor invasion (Kajiwara et al., 2010). In case of 

identification of mediastinal nodes on scans, considering the low sensitivity of FDG-PET for lesions 

< 1 cm, minimally invasive procedures can be performed to confirm the presence of cancer cells, 

including endobronchial ultrasound and mediastinoscopy (Heineman et al., 2017; Thai et al., 2021).  

In general, the most widely used system for tumor staging is the tumor, node and metastasis 

(TNM) staging system. This classification system, jointly developed by the American Joint 

Commission on Cancer (AJCC) and the Union for International Cancer Control (UICC), is a globally 

recognized method of classification of solid tumors based on three components: size and extent of 

the primary tumor (T, classification from T0 to T4), involvement of regional lymph nodes (N, from 

N0 to N3) and the presence of distant metastases (M, M0 or M1) (Lababede & Meziane, 2018; Rosen 

& Sapra, 2024).  

Based on the information provided by the TNM staging system, the stages of NSCLC range 

from 0 to IV, indicating the extent of the spread (Quint, 2007; Heineman et al., 2017): 
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¶ Stage 0: also referred to as ñcarcinoma in situò (CIS). Cancer cells are present only in the top 

lining of the lung or bronchus but have not spread over deeper lung tissues; 

¶ Stage I: the cancer is localized to the lung and has not spread to the lymph nodes. It is further 

divided into two sub-stages (IA and IB), based on tumor dimensions; 

¶ Stage II: the cancer may have spread to nearby lymph nodes, but not to distant organs. It is 

further divided into two sub-stages (IIA and IIB), based on tumor dimensions and the extent 

of lymph nodes involvement; 

¶ Stage III: the cancer may have spread to lymph nodes in the mediastinum. This stage is sub-

categorized into three sub-stages (IIIA, IIIB or IIIC ), depending on tumor size, location and 

extent of spreading; 

¶ Stage IV: the most advanced form of cancer. In this stage, the tumor has spread beyond the 

lung with metastases to distant organs. This stage is sub-divided into two sub-stages (IVA and 

IVB), depending on the extent of the spreading. 

As previously mentioned, the 5-year survival rates of NSCLC patients vary significantly depending 

on the tumor stage at the time of the diagnosis, with a dramatic decline as cancer progresses. While 

5-year survival for patients with stage I NSCLC is approximately 80%, it declines to 16-60% in 

patients with stage II-III NSCLC, reaching barely 10% in advanced NSCLC (Jeon et al., 2023). These 

rates highlight the difference that early lung cancer diagnosis and treatment can make in patientsô 

chances of survival.  

 

6. NSCLC TREATMENT APPROACHES  

The choice of the optimal therapeutic approach for treating NSCLC cases is closely dependent 

on several variables, including tumor stage, molecular features, patientôs clinical history and overall 

condition. By and large, the therapeutic landscape of NSCLC encompasses surgery, radiotherapy, 

chemotherapy, targeted therapy or immunotherapy, either as part of combined treatment regimens or 

as monotherapies.  

6.1 Surgery 

Surgical resection remains the preferred therapeutic approach for treating patients with early-

stage, localized disease, eventually followed by adjuvant chemotherapy or radiotherapy. Assessing 

the involvement of draining lymph nodes is an integral part of surgery in NSCLC, given its critical 

role in defining the stage of the disease (Lackey & Donington, 2013; Heineman et al., 2017; Indini et 

al., 2020).  
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Lobectomy, accompanied by lymph node dissection (LND), is the gold standard for the 

treatment of early-stage NSCLC patients (Montagne et al., 2021). This procedure, in which the entire 

lung lobe containing the tumor is resected, has shown important advantages in terms of survival and 

local recurrence as compared to sublobar resections (Raman et al., 2018). For compromised patients 

with poor lung function and not eligible for lobectomy, segmentectomy is recommended (Ettinger et 

al., 2015; Macke et al., 2015). This procedure allows to reduce the extent of resection, removing only 

part of a lobe (Montagne et al., 2021). Nevertheless, sublobar resections are recommended only if 

safe margins can be obtained, in order to avoid local recurrence.  

More drastic approaches, such as pneumonectomy, which consists in removing the entire lung, 

or sleeve resection, which entails removing only a cancerous lung lobe along with a part of the 

bronchus, may be necessary for centrally located tumors, advanced tumors or those that have 

extended into the bronchi, where a lobectomy would be insufficient (Yan et al., 2020; Dai et al., 2022; 

Wang et al., 2022; Lee & Razi, 2024).  

While traditional open thoracotomy is the main chosen approach for lobectomy, 

segmentectomy and sleeve resection, today less invasive techniques are also being increasingly 

adopted, including video-assisted thoracoscopic surgery (VATS) and robotic-assisted thoracoscopic 

surgery (RATS), because of their proven advantages in terms of short-term outcomes, adverse events, 

hospitalization, postoperative complications, recovery times, morbidity and mortality rates 

(Montagne et al., 2021). Despite ongoing questions about the effectiveness of nodal assessment with 

these novel techniques, no difference in nodal upstaging or overall survival has been reported in the 

literature between open approaches and less invasive techniques, supporting the adoption of these 

new methods in clinical practice (Raman et al., 2018).  

For advanced or metastatic NSCLC, surgery can be considered within the context of 

multimodality therapy (MMT), which also includes radiotherapy and systemic treatments such as 

chemotherapy, targeted therapy and immunotherapy as either adjuvant or neoadjuvant approaches 

(König et al., 2022; Petrella et al., 2023). 

6.2 Chemotherapy 

Chemotherapy is a common treatment approach for NSCLC, and it is often used in various 

stages and contexts. Currently, the main chemotherapeutic agents used in clinical practice include 

cisplatin and carboplatin together with gemcitabine, taxanes and pemetrexed, usually in association 

with some targeted therapy drugs (Ramalingam & Belani, 2008). While cisplatin, carboplatin and 

gemcitabine act by disrupting the DNA repair system, which result in DNA damage cancer cell 

apoptosis (Mini et al., 2006; Dasari & Bernard Tchounwou, 2014), taxanes show a different 

mechanism of action based on the disruption of microtubule formation dynamics, consequent cell 
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cycle arrest and cancer cell apoptosis (Zhao et al., 2005; Tan et al., 2011). Differently, pemetrexed 

acts by inhibiting the enzymes involved in the metabolism of folate, resulting in cell cycle arrest in 

the S phase (Guo et al., 2022).  

In early-stage NSCLC, chemotherapy is either used in an adjuvant setting to lower the risk of 

disease relapse after surgical resection (Arriagada et al., 2004; Indini et al., 2020), or in the 

neoadjuvant setting before surgery resection, in case of resectable NSCLC or in node-positive disease, 

in combination or not with radiotherapy, in order to shrink the tumor mass and facilitate its surgical 

removal (Aguado et al., 2022; Kalvapudi et al., 2023).  

Historically, before the discovery of immunotherapy and targeted therapies, platinum-based 

chemotherapy has been the standard first-line treatment for advanced NSCLC (Sculier & Moro-

Sibilot, 2009; Kim & Halmos, 2020). Nevertheless, the current recommendations for advanced 

NSCLC often suggest an approach based on the combination of chemotherapy with other agents, such 

as platinum-based chemotherapy combined with pemetrexed or targeted agents or chemotherapy plus 

immunotherapy, depending on patient and tumorôs characteristics  (Sculier & Moro-Sibilot, 2009; 

Kim & Halmos, 2020; Lee & Razi, 2024).  

6.3 Radiotherapy 

Radiotherapy (RT), alongside surgery and systemic agents, is one of the three key components 

of the multidisciplinary therapeutic approach adopted for NSCLC treatment. It is estimated that more 

than half of NSCLC patients receive a radiotherapeutic treatment across all stages of the disease, with 

either curative or palliative intent (Rodríguez De Dios et al., 2022). Broadly, radiotherapy consists in 

the irradiation of tumor cells with high doses of ionizing radiation, which results in irreversible DNA 

damage and, consequently, in cell cycle arrest and tumor shrinkage (Sia et al., 2020). In recent years, 

technological advances have greatly improved this therapeutic approach, allowing a more precise 

targeting of tumors, maximizing tumor control and reducing treatment-related toxicities or incidental 

irradiation of peripheral healthy tissues (Vinod & Hau, 2020).  

Stereotactic body radiation therapy (SBRT), also known as stereotactic ablative radiation 

therapy (SABR), is the strategy of choice for early-stage NSCLC patient ineligible for surgery 

(Rodríguez De Dios et al., 2022). This radiation strategy allows the delivery of high radiation doses 

to specific target volumes with extreme precision in few sessions, typically one to five, unlike 

conventional radiation therapy which often requires several sessions over multiple weeks (Jeppesen 

et al., 2013; Tsang, 2016; Giaj-Levra et al., 2020). SBRT has been reported to be well tolerated and 

to yield efficient local control rates (> 90%) in both operable and inoperable early-stage NSCLC 
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patients (Timmerman et al., 2018) and to better improve overall survival as compared to traditional 

radiation strategies (Palma et al., 2010; Giaj-Levra et al., 2020).  

As for unresectable, locally-advanced NSCLC patients, the concurrent combination of 

chemotherapy, especially platinum-based therapy, and radiotherapy (chemoradiotherapy), followed 

by adjuvant durvalumab-based immunotherapy, is the standard of care and has demonstrated 

significantly improvement in the OS of this class of patients (Chaft et al., 2021; Dohopolski et al., 

2021; Ğazar-Poniatowska et al., 2021; Rodríguez De Dios et al., 2022). Nevertheless, while this 

approach has improved the control of local disease, it has not demonstrated to significantly reduce 

the risk of distant metastases, indicating the need of improve the therapeutic schedule of this subset 

of patients (Xu & Le Pechoux, 2015). Novel techniques, including intensity modulated radiation 

therapy (IMRT) or proton treatment with concurrent chemotherapy, have demonstrated to improve 

the outcome of patients with locally advanced NSCLC, as these approaches manage to maximize 

tumor delineation and treatment delivery and reduce off target irradiation (Giaj-Levra et al., 2020). 

These achievements are feasible thanks to the concurrent use of image-guided radiotherapy (IGRT), 

which includes, for example, four-dimensional computed tomography (4DCT), which allows to 

accurately assess tumor movements during respiration, reducing radiation exposure to surrounding 

healthy tissues (Khan et al., 2009). For what concerns advanced metastatic NSCLC treatment, for 

which the standard of care remains the use of targeted therapies or immunotherapy, radiation therapy 

has been historically used as a palliative tool aimed at alleviating tumor-associated symptoms (Faria, 

2014; Zhou et al., 2020; Zhu et al., 2022). Of note, over the last decades, the therapeutic use of SBRT 

has been extended to the subclass of patients with limited metastatic disease, i.e. oligometastatic 

disease, for which it has been reported to significantly improve OS, tumor local control and PFS 

compared to conventional treatment approaches (Faria, 2014; Wujanto et al., 2019; Chai et al., 2020; 

Virbel et al., 2021).   

6.4 Targeted therapy 

The discovery of targeted therapies employing TKIs and small molecule inhibitors has 

profoundly transformed the clinical landscape of NSCLC. Prior to the advent of TKIs, NSCLC 

patients were largely restricted to conventional chemotherapy as their primary treatment option, 

which frequently resulted in limited therapeutic outcomes and significant adverse effects (Li & Kwok, 

2020; Araghi et al., 2023). The use of TKIs has revolutionized treatment by selectively targeting 

specific molecular alterations within tumors, inhibiting signaling pathways that drive cancer cell 

proliferation and providing a more effective personalized therapeutic approach for NSCLC. 

Generally, TKIs function by selectively binding the ATP-binding site of specific RTKs, preventing 

their phosphorylation and activation. This inhibition disrupts downstream signaling cascades 
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essential for tumor growth and survival, ultimately reducing cancer cell proliferation and promoting 

apoptosis (Pottier et al., 2020).  

To date, over a dozen TKIs have been approved for the treatment of NSCLC, with gefitinib marking 

a significant milestone as the first TKI introduced into clinical practice (Kazandjian, Blumenthal, et 

al., 2016). This groundbreaking therapy not only established EGFR as the first targeted oncogene in 

NSCLC, but also paved the way for subsequent targeted therapies, ultimately enabling the targeting 

of all other oncogenes (Figure III ). 

 

Figure III . Timeline detailing FDA approvals for TKIs in the clinical treatment of NSCLC.  

As advancements in cancer treatment have progressed over time, the development of TKIs 

has also evolved, leading to their classification into three generations. Each generation is designed to 

enhance efficacy and overcome the limitations of its predecessors. In particular, next-generation TKIs 

have been specifically engineered to address the resistance issues commonly associated with this class 

of drugs (Yang et al., 2022; Attili et al., 2023). For instance, the third-generation EGFR-TKI 

osimertinib has been developed to specifically recognize the EGFRT790M mutation, which is an 

acquired resistance mutation that develops in 50-60% of patients who initially respond to first- 

(gefitinib, erlotinib) or second-generation (afatinib, dacomitinib) EGFR-TKIs, but that later progress 

(Imamura et al., 2020). The FLAURA trial has demonstrated a significant superiority of osimertinib 

over first- and second-generation TKIs in terms of PFS (18.9 months vs 10.2 months) and OS (38.6 

months vs 31.8 months) (Gen et al., 2022). In addition, the high specificity of osimertinib, which 

allows the targeting of the T790M resistance mutation while sparing wild-type EGFR, also minimizes 

toxicity and adverse events as compared to early TKIs (Liu et al., 2020). Adding to its advantages, 

osimertinib also demonstrated the ability to penetrate the blood-brain barrier, enabling effective 

treatment of brain metastases, which represents a significant improvement over its predecessor drugs 

(Hui et al., 2022).  
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Using osimertinib as a representative example, early and next-generation TKIs targeting other 

oncogenes have also been developed, exhibiting similar characteristics and developmental 

trajectories to EGFR-directed TKIs. For instance, next generation ALK-TKIs, including alectinib, 

brigatinib, and lorlatinib, have also demonstrated improved PFS compared to earlier generation TKIs 

such as crizotinib (lorlatinib vs crizotinib, 12.5 months vs 9.2 months) (Tan et al., 2023), together 

with enhanced OS, intracranial efficacy and improved safety profiles (Wu et al., 2016; Cooper et al., 

2022). Similar advantages have been observed in the use of ROS1-directed next generation TKIs 

(lorlatinib and entrectinib) as compared to the first-generation drug crizotinib (Boulanger et al., 2024).   

Next-generation TKIs targeting MET (capmatinib and tepotinib), RET (selpercatinib and 

pralsetinib) and NTRK (larotrectinib and entrectinib), have similarly demonstrated superior efficacy 

compared to their early counterparts (Olmedo et al., 2022; Attili et al., 2023).  

In other cases, the combination of different TKIs has led to significant clinical benefits in the 

treatment of NSCLC. A key example is the co-targeting of BRAF mutations with the combination of 

dabrafenib (a BRAF inhibitor) and trametinib (a MEK inhibitor), which has demonstrated remarkable 

efficacy in NSCLC patients harboring BRAFV600E mutations (Yan et al., 2022). This combined 

inhibition strategy has indeed significantly improved patientsôclinical outcomes, as demonstrated by 

the pivotal phase II BRF113928 trial, in which patients with previously treated BRAF V600E-mutant 

NSCLC receiving the combination of dabrafenib and trametinib exhibited an objective response rate 

(ORR) of 64%, as compared to patients receiving dabrafenib monotherapy, who exhibited an ORR 

of 33% (Anguera & Majem, 2018). 

For what concerns the targeting of KRAS mutations, this topic has to be addressed separately 

from other oncogenic targets, as the landscape surrounding KRAS has historically been different. 

Indeed, for several years KRAS has been considered an "undruggable" target due to its challenging 

structure as a GTPase protein (Huang et al., 2021). However, recent advancements have led to the 

approval of sotorasib and adagrasib, able to specifically target KRASG12C mutation (Jänne et al., 2022; 

Nakajima et al., 2022). In the CodeBreaK 100 pivotal trial, treatment with sotorasib for patients with 

KRASG12C-mutated NSCLC demonstrated an ORR of 37% and a PFS of 6.8 months (Skoulidis et al., 

2021). Similarly, the KRYSTAL-1 study reported an ORR of 43% and a PFS of 6.9 months for 

patients receiving adagrasib within the same KRASG12C-mutated NSCLC cohort (Jänne et al., 2022).  

Despite the significant impact of TKIs in the treatment of NSCLC, their clinical efficacy 

remains heavily constrained by the development of resistance, which continues to be a major 

challenge in achieving sustained long-term responses, as we will discuss in the following sections. 
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6.5 Immunotherapy 

The importance of immunotherapy in cancer treatment has grown exponentially in recent 

years, emerging as an innovative approach that harnesses the body's immune system to combat 

malignancies (Y. Zhang & Zhang, 2020). Among these innovative strategies, immune checkpoint 

inhibitors (ICIs) have revolutionized the treatment landscape for NSCLC, marking a significant shift 

in therapeutic strategies over the past decade (Tang et al., 2022).  

Immune checkpoints are key modulators of the immune response and consist of a 

sophisticated system of receptor-ligand interactions expressed on the surface of immune cells, playing 

a crucial role in inhibiting and regulating the magnitude of the immune response. All types of immune 

responses, including antitumor immunity, rely on a delicate balance between the recognition of non-

self and the regulation of both the duration and intensity of the immune response. An uncontrolled 

immune response can be harmful to the body, as it may damage surrounding tissues or lead to 

autoimmune reactions (Maleki et al., 2022). For this reason, throughout evolution, the immune system 

has developed a variety of inhibitory mechanisms aimed at controlling immune activity, including 

immune checkpoints (Sperk et al., 2018). One notable example is the ligand-receptor system of the 

Programmed cell Death Protein 1 and its ligand (PD1/PD-L1), where PD-L1 is primarily expressed 

by antigen-presenting cells (APCs), while PD-1 is expressed on T lymphocytes, regulating immune 

responses (Ortega et al., 2024). The inhibitory role of PD-1 upon interaction with its ligands, PD-L1 

and PD-L2, disrupts the stimulatory signaling pathways initiated by the T-cell receptor (TCR), which 

recognizes antigens presented by other cells, and by CD28, a crucial co-stimulatory receptor 

necessary for T-cell activation. This disruption hinders the signaling pathways that regulate T-cell 

survival, function, and activation (Sharpe & Pauken, 2018).  

Unfortunately, tumor cells have adapted to exploit these modulatory pathways, enabling them 

to evade antitumor immune responses. Tumor cells can indeed express PD-L1 ligand to engage PD-

1 receptors on infiltrating T lymphocytes, thereby inhibiting T-cell activation and proliferation. This 

interaction effectively dampens the antitumor immune response, allowing cancer cells to escape 

immune surveillance (Juneja et al., 2017). The upregulation of tumoral PD-L1 can be induced by 

IFN-ɔ and other cytokines secreted by tumor-infiltrating lymphocytes (TILs) and cancer cells within 

the tumor microenvironment (TME), along with various inflammatory mediators (Benci et al., 2016; 

Garcia-Diaz et al., 2017; Cui et al., 2024) (Figure IV ).  
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Figure IV . Mechanism of immune evasion mediated by PD-L1 expression on tumor cells ï from Buchbinder & 

Desai, 2016. Prolonged stimulation of the T-cell receptor (TCR) during the antitumor response leads to increased 

expression of PD-1 on the lymphocyte membrane. Tumor cells can upregulate PD-L1 (or PD-L2, not shown) in response 

to stimulation by inflammatory cytokines produced by activated T lymphocytes. The PD-1/PD-L1 interaction inhibits the 

stimulatory signal from the TCR, resulting in reduced cytokine production, decreased proliferation, and diminished 

survival of T lymphocytes. 

ICIs have been developed with the aim of reactivating the immune system against tumors. 

Among the various immune checkpoints, which also include TIM-3 (T-cell immunoglobulin mucin-

3), LAG-3 (lymphocyte activation gene 3), and BTLA (B and T lymphocyte attenuator), particular 

focus has been placed on PD-1 and PD-L1, together with CTLA-4 (Cytotoxic T lymphocyteï

associated protein 4), as these modulators have proven especially relevant in clinical applications for 

NSCLC. This new class of immunotherapeutic agents comprises a series of monoclonal antibodies 

that specifically target key immune checkpoints. Their mechanism of action involves binding to these 

checkpoints, which disrupts the pathways that suppress lymphocytic activity. This disruption enables 

tumor-infiltrating T lymphocytes to restore their natural antitumor effector function (Wei et al., 2018) 

(Figure V).  
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Figure V. Inhibition of immune checkpoints by ICIs ï modified from Ahmed et al., 2019. The CTLA-4 inhibitor 

(ipilimumab) prevents the binding between CTLA-4 and the B7 ligand expressed on antigen-presenting cells (APCs), 

blocking the inhibitory signal to T lymphocytes. PD-1 inhibitors (e.g., pembrolizumab and nivolumab) and PD-L1 

inhibitors (e.g., atezolizumab) prevent the binding of PD-1 and PD-L1, blocking the signaling pathway that inhibits T 

lymphocyte activity. 

Currently, ICIs have become essential components of the clinical management of NSCLC and 

are utilized in both first-line and subsequent treatment settings (Olivares-Hernández et al., 2023). 

Agents such as pembrolizumab, nivolumab, atezolizumab, durvalumab and ipilimumab have also 

demonstrated substantial efficacy when administered as part of combination therapies with 

chemotherapy, significantly enhancing patient outcomes (Olivares-Hernández et al., 2023). 

6.5.1 Approved ICIs targeting PD-1 for clinical application in NSCLC 

Nivolumab (Opdivo) was the first ICI approved for clinical use in the treatment of NSCLC. 

The FDA granted this approval in March 2015, specifically for patients with advanced NSCLC who 

had progressed after platinum-based chemotherapy (Kazandjian, Suzman, et al., 2016). This decision 

was based on the findings of the phase III CheckMate-017 clinical trial, which demonstrated that 

nivolumab significantly improved the OS compared to standard chemotherapy. Specifically, patients 

treated with nivolumab experienced an average increase in survival of 3.2 months compared to those 

receiving docetaxel (Raedler, 2015; NCI Staff, 2015). Following its initial approval, the indications 

for nivolumab have expanded, and it is now also approved for first-line treatment in combination with 

chemotherapy for the treatment of patients with metastatic NSCLC (Lu et al., 2023).  
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In the same year, pembrolizumab (Keytruda) also received FDA approval for the treatment of 

advanced NSCLC patients whose tumors expressed high levels of PD-L1 and who had experienced 

disease progression following standard chemotherapy (Reck et al., 2016). The approval was primarily 

based on the results of the phase III KEYNOTE-010 trial, which demonstrated that pembrolizumab 

significantly improved OS compared to docetaxel (one-year OS of about 69% vs 49% in the 

chemotherapy group) (Herbst et al., 2021). Currently, pembrolizumab is also indicated as a first-line 

treatment in combination with chemotherapy for patients with metastatic NSCLC (Liu et al., 2023).  

Most recently, Cemiplimab-rwlc (Libtayo) became the latest PD-1 targeting ICI approved by 

the FDA for NSCLC treatment (Ahn & Nagasaka, 2023). Approved in 2021, cemiplimab was initially 

indicated for patients with advanced NSCLC who have not received prior systemic therapy. This 

approval was supported by the results of the phase II EMPOWER-Lung 1 trial, which demonstrated 

a significant improvement in OS for patients treated with cemiplimab compared to standard 

chemotherapy (Sezer et al., 2021). In this trial, patients treated with cemiplimab achieved a median 

OS of 22.1 months, compared to the group receiving chemotherapy alone, who showed an OS of only 

13.3 months. Cemiplimab is now also indicated as a first-line therapy for patients with locally 

advanced or metastatic NSCLC (¥zg¿roĵlu et al., 2023). 

6.5.2 Approved ICIs targeting PD-L1 for clinical application in NSCLC 

Two monoclonal antibodies targeting PD-L1 have also been approved for the treatment of 

NSCLC. Atezolizumab (Tecentriq) was the first PD-L1 inhibitor to receive FDA approval in 2016, 

initially designated for patients with advanced NSCLC who had previously undergone at least one 

treatment (Cancer Discovery, News in Brief, 2016). This approval was based on the results of the 

phase II OAK clinical trial, which demonstrated a significant improvement in one-year OS compared 

to standard chemotherapy (50% vs 42%) (Rittmeyer et al., 2017). Today, atezolizumab is also 

indicated as a first-line therapy in combination with chemotherapy for patients with metastatic 

NSCLC, with data from the IMpower150 trial revealing a median OS of 19.2 months for patients 

receiving this combination versus just 14.7 months for those treated with chemotherapy alone (Ryu 

& Ward, 2018).  

Following this, durvalumab (Imfinzi) was also approved in 2017 for patients with advanced 

NSCLC who showed response or stable disease after chemotherapy and radiation therapy (Syed, 

2017). Its approval was based on the results of the phase III PACIFIC trial, which showed a significant 

improvement in PFS (16.8 months) compared to the control group (5.6 months) (Spigel et al., 2022). 

Currently, durvalumab is uniquely approved for consolidation therapy following platinum-based 

chemotherapy and radiation in unresectable stage III NSCLC (Moore et al., 2023). 
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6.5.3 Approved ICIs targeting CTLA-4 for clinical application in NSCLC 

Ipilimumab (Yervoy) is a monoclonal antibody targeting CTLA-4, approved for the treatment 

of NSCLC in combination with nivolumab. This combination received FDA approval in 2021 for 

patients with advanced NSCLC who had previously undergone at least one line of therapy (Puri & 

Shafique, 2020). This approval was based on the results obtained from the phase III CheckMate 227 

clinical trial, in which the combination therapy with ipilimumab and nivolumab demonstrated a 

significant improvement in the OS of NSCLC patients, especially those with high PD-L1 expression, 

compared to chemotherapy alone (17.1 months vs 14.9 months) (Hellmann et al., 2019). 

Subsequently, two randomised phase III  trials, namely CheckMate 9LA and POSEIDON, evaluated 

the efficacy of the triplet combination of ipilimumab, nivolumab, and chemotherapy in untreated 

metastatic NSCLC. Results indicated that this combination significantly improved OS and PFS 

compared to chemotherapy alone, further supporting the role of ipilimumab in enhancing treatment 

outcomes for patients with advanced disease (Li et al., 2024).  

6.5.4 Predictive biomarkers of response to ICIs 

Despite ICIs have revolutionized the treatment landscape of NSCLC, providing new 

therapeutic opportunities for patients previously deemed inoperable, not all patients exhibit favorable 

responses, underscoring the critical need for the identification of reliable predictive biomarkers. 

Currently, PD-L1 expression is the only validated predictive biomarker used to guide ICI therapy in 

clinical practice (Doroshow et al., 2021). Nevertheless, its use is heavily limited and for this reason 

it is considered an incomplete biomarker. The assessment of PD-L1 expression is primarily conducted 

through immunohistochemistry (IHC), a technique that utilizes specific antibodies to detect PD-L1 

protein levels on the surface of tumor cells or tumor infiltrating immune cells (Phillips et al., 2015; 

Dolled-Filhart et al., 2016). In clinical practice, PD-L1 expression is measured using two main 

scoring systems, which are often used interchangeably: the tumor proportional score (TPS) and the 

tumor cell (TC) expression. Both the scoring systems indicate the percentage of viable tumor cells 

with PD-L1 staining on the membrane, relative to all the viable tumor cells of the sample (Kerr et al., 

2015; Kerr & Hirsch, 2016). Nevertheless, while TPS may encompass both tumor cells and immune 

cells, the TC percentage specifically refers to the proportion of tumor cells expressing PD-L1 (C.-E. 

Wu et al., 2020). The potential utility of PD-L1 expression as a predictive biomarker was highlighted 

in some of the early clinical trials that led to ICIs approval. Indeed, even though these studies were 

enrolled patients regardless of their tumoral PD-L1 expression, post hoc analyses showed that higher 

PD-L1 levels were associated with improved clinical outcomes. An example is the KEYNOTE-010 

trial, evaluating pembrolizumab efficacy, in which it was observed that higher PD-L1 expression 
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(TPS Ó 50%) correlated with better PFS and OS (Garon et al., 2015). Nevertheless, subsequent studies 

failed in demonstrating a sufficiently strong association between PD- L1 tumoral status and patientsô 

clinical outcomes and, on the contrary, provided demonstration that subsets of patients with tumors 

negative for PD-L1 expression could as well benefit from ICI therapy (Brahmer et al., 2015; Reck et 

al., 2016; Rittmeyer et al., 2017). Currently, the majority of ICIs have been approved for patients with 

a TPS of PD-L1 greater than 50%. However, the conflicting data raise important questions about the 

adequacy of using PD-L1 as the sole criterion for patient selection. In addition to this, another key 

issue is the heterogeneous expression of PD-L1 within tumors, which can result in inconsistent 

assessments when based on a single biopsy. Furthermore, the lack of standardization in PD-L1 

detection assaysïdue to variations in diagnostic kits, antibodies, and testing methodologiesïmakes it 

difficult to reliably compare results across different settings. This challenge is compounded by the 

absence of universally accepted cut-off values for PD-L1 positivity, further complicating the accuracy 

and consistency of the biomarker's clinical use (Mathew et al., 2017; Li et al., 2022; Catalano et al., 

2023). All the limitations of PD-L1 as a predictive biomarker of response to ICIs have spurred the 

search for additional biomarkers. For instance, a promising biomarker is the tumor mutational burden 

(TMB), which measures the total number of somatic mutations per megabase (mut/Mb) in the tumor 

genome, reflecting the overall mutational landscape of the cancer (Chan et al., 2019). The rationale 

behind the use of TMB as a predictive biomarker is that higher TMB likelihood results in increased 

tumor expressing neoantigens, which may enhance tumorôs immunogenicity and improve response 

to ICI therapy (Greillier et al., 2018; Scobie et al., 2023). Retrospective analyses have indeed 

demonstrated that patients with high TMB (often defined as Ó 10 mut/Mb) exhibit improved ORR, 

OS and PFS when treated with ICIs, compared to patients with low TMB levels (Ma et al., 2021). For 

the same rationale, tumor microsatellite instability (MSI), which reflects defects in DNA repair 

mechanisms, has also garnered attention as a potential predictive biomarker for the efficacy of ICIs 

(Dempke et al., 2018; Mino-Kenudson et al., 2022). The evaluation of TILs, which reflect an ñhotò 

TME, is also being investigated for its predictive potential (Mino-Kenudson et al., 2022; Ushio et al., 

2022; Catalano et al., 2023). Alle these emerging biomarkers hold promises for refining patient 

selection and optimizing therapeutic strategies, but further validation and standardization are required 

before they can be integrated into routine clinical practice alongside PD-L1 testing.  

6.5.5 Clinical responses to ICIs 

ICIs exhibit response patterns that are unprecedented when compared to conventional 

chemotherapy or targeted therapies. These kinds of responses, which include durable complete 

response (Durable CR), durable partial responses (Durable PR), durable stable disease (Durable SD), 

pseudoprogression and hyperprogression, are summarized in Figure VI .  
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Figure VI . Response and progression patterns during ICI treatment ï modified from Borcoman et al., 2019. SD: 

stable disease; PR: progression disease; CR: complete response.  

The first type of ICI-related response is durable complete response (durable CR), in which the patient 

benefits from prolonged periods of disease control and, in some cases, long-lasting remissions, which 

can persist also after therapy discontinuation. Unlike traditional chemotherapy, which often results in 

short-term responses followed by relapses, ICIs can indeed induce sustained immune activation, 

leading to persistent anti-tumor effects (Borcoman et al., 2019; Pons-Tostivint et al., 2019; Johnson 

et al., 2022).  

Differently, durable partial responses (durable PRs) are characterized by a significant 

reduction in tumor burden without achieving complete remission. Although the patients experiencing 

this kind of response do not achieve complete disease eradication, durable PRs also play an important 

role in enhancing patient outcomes, stabilizing the disease and improving patientsô quality of life. 

Additionally, durable PRs may also transition into durable CRs over time, especially when patients 

continue to receive ICI therapy or experience immune-mediated effects that further reduce tumor size 

(Borcoman et al., 2019; Pons-Tostivint et al., 2019).  

Durable stable disease (durable SD) refers to a situation in which the tumor does not progress 

or regress significantly over an extended period. Despite the disease not being eradicated, this kind 

of response offers an important period of disease stabilization in which tumor growth is controlled. 
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This stabilization can be particularly beneficial for those class of tumors that do not respond to other 

types of therapies, as frequently happens with advanced NSCLC (Borcoman et al., 2019).   

Pseudoprogression refers to a phenomenon in which, during ICI therapy, there is a transient 

increase in the size of the primary tumor or the appearance of new lesions, followed by tumor 

regression (Borcoman et al., 2019). This response may be misleading, as it may result in the premature 

discontinuation of the therapy. Several mechanisms have been proposed to explain 

pseudoprogression, including a strong activation of the immune system, which may lead to an influx 

of immune cells into the TME, temporarily increasing the size of tumor due to inflammation and 

edema (Di Giacomo et al., 2009; Chiou & Burotto, 2015). Another hypothesis suggests that the 

release of tumor antigens into circulation due to tumor death and necrosis during ICI treatment may 

provoke a systemic immune response, attracting additional immune cells to the tumor site and leading 

to localized swelling (Jia et al., 2019).  

As for hyperprogression, it is considered the most detrimental type of response to ICIs and it 

is characterized by an accelerated tumor growth that often leads to rapid clinical deterioration 

(Adashek et al., 2020). This phenomenon poses significant challenges in the management of cancer 

patients, as it contrasts sharply with the intended therapeutic outcomes of ICIs, which aim to induce 

durable tumor regression or stabilization. The implications of hyperprogression are profound, 

affecting treatment decisions and patient prognosis. For this reason, a comprehensive description of 

this phenomenon is provided in the following section. 

6.5.5.1 Hyperprogression Disease (HPD) 

Hyperprogression, also referred to as hyperprogressive disease (HPD), is described as a 

paradoxical, accelerated growth pattern of tumors following ICI therapy. Unlike typical disease 

progression, where tumors gradually increase in size or spread, hyperprogression is characterized by 

a rapid deterioration in patientôs condition, often observed within weeks from therapy initiation 

(Borcoman et al., 2019; Angelicola et al., 2021). The phenomenon was initially documented in 

retrospective studies, in which a subset of patients exhibited rapid disease advancement following the 

initiation of ICI therapy (Chubachi et al., 2016; Saada-Bouzid et al., 2016; Saâda-Bouzid et al., 2017). 

Based on these observations, it was noted that the manifestation of hyperprogression did not correlate 

with specific tumor types, although some retrospective analyses suggest a higher frequency of the 

phenomenon in patients with NSCLC, where the incidence ranges from 8% to 21%, and in patients 

with head and neck tumors, where an incidence of 29% has been observed (Saada-Bouzid et al., 2016; 

Ferrara, et al., 2018). Nevertheless, the phenomenon of hyperprogression is challenging to define due 

to the variety of criteria used in its assessment. Indeed, after Champiat and collegues introduced for 

the first time the concept of hyperprogression in a retrospective study of cancer patients treated with 
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PD-1/PD-L1 inhibitors (Champiat et al., 2017), various research groups have since examined the 

phenomenon and proposed distinct criteria for its definition, leading to significant differences in 

reported HPD rates (Angelicola et al., 2021). To overcome this limitation, Kas and collegues have 

recently proposed a refined and standardized definition of HPD, building on the criteria previously 

employed (Kas et al., 2020). 

Although the mechanisms of hyperprogression remain unclear (for further details, refer to 

Section 7.2.3), many factors have been associated with this phenomenon. One of the most consistently 

reported factors is advanced age (Ó 65 years) (Borghaei et al., 2015; Brahmer et al., 2015; Champiat 

et al., 2017; Motzer et al., 2018). This association may be explained by the natural decline in both 

innate and adaptive immune responses in older patientsïcommonly referred to as 

"immunosenescence"ïcharacterized by impaired T-cell function, increased inflammatory cytokine 

production, and reduced immune diversity (Solana et al., 2012; Goronzy & Weyand, 2017). 

Additionally, prior irradiation has also been linked to a higher incidence of HPD (Saâda-Bouzid et 

al., 2017), likely due to alterations in the TME post-radiotherapy, which promotes the generation of 

neoantigens that may drive rapid tumor progression in the irradiated areas (Fields et al., 2017). In a 

retrospective study of NSCLC patients treated with ICIs, HPD was also notably associated with the 

presence of more than two metastatic sites before treatment initiation (Ferrara, et al., 2018). Genomic 

alterations also seem to play a critical role, with mouse double minute homolog (MDM2/MDM4) 

amplification and EGFR mutations emerging as potential markers for an increased risk of HPD (Kato 

et al., 2017; Singavi et al., 2017). Furthermore, patients affected with oncogene-driven NSCLC, such 

as those harboring ALK, EGFR, or STK11 mutations, typically do not benefit from ICI therapy (Biton 

et al., 2018). This is likely due to the "cold" immune microenvironment characteristic of these tumors, 

which lack significant immune cell infiltration (Lamberti et al., 2020). Finally, elevated serum lactate 

dehydrogenase (LDH) levels have also been associated with HPD, as high LDH levels are indicative 

of a hypoxic and acidic microenvironment that impairs the activity of infiltrating T lymphocytes and 

natural killer (NK) cells (Tunali et al., 2019; Angelicola et al., 2021). In contrast, no significant 

associations have been reported between HPD and tumor histology, baseline tumor size, or previous 

lines of therapy (Champiat et al., 2017; Kato et al., 2017; Saâda-Bouzid et al., 2017). The relationship 

between PD-L1 expression and HPD remains controversial, with studies yielding inconsistent results, 

even though a significant inverse correlation between PD-L1 tumoral expression and HPD 

development has been observed in NSCLC patients (Lo Russo et al., 2019). 
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7. DRUG RESISTANCE IN NSCLC 

Resistance to therapy remains a significant challenge in the management of tumors, 

significantly influencing patient outcomes and the overall efficacy of treatment regimens. Based on 

the underlying mechanisms by which tumors resist therapies, resistance can be categorized into two 

main types: primary (or intrinsic) and secondary (or acquired) resistance. 

Primary or intrinsic resistance occurs when a tumor intrinsically exhibits a lack of response to 

therapy from the very onset. This can be attributed to several constitutive factors, including tumor 

heterogeneity (Lim & Ma, 2019; Zhang et al., 2022), genetic mutations that confer inherent 

insensitivity to treatment (Lin et al., 2022; Kobayashi, 2023), or the presence of extrinsic tumor 

factors, such as an unfavorable TME that hinders the effectiveness of immune-based therapies (Son 

et al., 2017).  

In contrast, secondary or acquired, resistance arises after an initial tumoral response to 

treatment, indicating that the tumor has developed adaptive mechanisms to evade the effects of the 

therapy over time. This can occur due to various factors, including mutations that render the drug's 

target undruggable or the activation of compensatory signaling pathways that promote tumor survival 

despite the therapeutic intervention (Sun et al., 2024).  

7.1 Mechanisms of TKI resistance in NSCLC 

7.1.1 Primary resistance 

The following mechanisms of primary resistance to TKI-based therapy have been reported: 

¶ Mutations in target genes. Tumors may harbor mutations that confer inherent resistance to 

TKIs. For instance, in EGFR-mutant NSCLC, mutations such as T790M, C797S, and others 

can prevent first- and second-generation EGFR-TKIs from effectively binding to their target, 

leading to primary resistance. Approximately 30% of NSCLC patients with EGFR-activating 

mutations exhibit primary resistance due to these genetic alterations (Lim & Ma, 2019; 

Koulouris et al., 2022);  

¶ Lack of sensitizing mutations. TKIs are specifically designed to target activating mutations 

that increase the receptor's sensitivity to these drugs. Tumors lacking these mutations do not 

benefit from TKI therapy. For instance, EGFR-mutated tumors without activating mutations 

in exons 19 or 21, show inherent resistance to EGFR TKIs (Cortot & Jänne, 2014; Stewart et 

al., 2015); 

¶ Presence of co-occurring mutations and activation of alternative signaling pathways. 

Tumors may rely on compensatory signaling pathways to survive to TKI-mediated inhibition 

of survival signaling routes. For instance, MET amplification has been reported to compensate 
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for the inhibition of EGFR pathway in NSCLC (Choi et al., 2022; Qin et al., 2023). Similarly, 

in ALK-rearranged NSCLC, the presence of additional mutations involving, for instance, RET, 

NRG1, IDH1 or NF1, lead to the activation of alternative signaling pathways which allow the 

tumor to bypass the antitumor effect of ALK-targeted therapies (McCoach et al., 2018). 

Moreover, alterations in cell cycle regulators have also been reported to drive primary 

resistance to osimertinib in EGFR-mutated NSCLC (Volta et al., 2023). 

¶ Tumor heterogeneity. The presence of different subclonal populations within the tumor may 

show differential response to treatments, with some cells being inherently resistant due to 

distinct genetic profiles (Lim & Ma, 2019); 

¶ Increased drug efflux. Tumor cells can overexpress efflux pumps such as ATP-binding 

cassette (ABC) transporters, which actively transport TKIs out of the cells, reducing their 

intracellular concentration and thereby diminishing their therapeutic effect (Robey et al., 

2018; Diniĺ et al., 2024). In NSCLC, high levels of expression of these pumps have been 

correlated with increased resistance to EGFR-TKIs (Nishino et al., 2021).  

7.1.2 Secondary resistance 

The most common adaptive mechanisms of secondary tumor resistance to TKIs are the 

following and often overlap with those of primary resistance: 

¶ Mutations in target genes. During the therapy, tumors can induce mechanisms of selection 

and adaptation in response to the pressure exerted by drug treatments. In these processes, 

resistant tumor variants can emerge and be selected to survive and proliferate despite the 

treatment (Simasi et al., 2014). One of the most well-documented mechanisms of secondary 

resistance is the emergence of the EGFR mutation T790M, which alters the binding site of 

early-generation TKIs, like gefitinib and erlotinib, leading to reduced drug efficacy. In 

NSCLC, the T790M mutation occurs in about 50-60% of patients who develop resistance to 

earlier EGFR-targeted therapies (Ma et al., 2011). Another example is the development of the 

L1196M mutation in ALK-rearranged NSCLCs, which can confer resistance to ALK 

inhibitors like crizotinib (Zhao et al., 2022); 

¶ Amplification of the target gene. Amplification of wild-type EGFR (wtEGFR) has been 

reported to significantly contribute to acquired resistance to osimertinib in NSCLC. This 

resistance mechanism is primarily driven by ligand-induced activation of the EGFR signaling 

pathway. When wtEGFR is amplified, it can lead to increased levels of the receptor, which 

may activate downstream signaling pathways even in the presence of osimertinib (Ríos-Hoyo 

et al., 2022); 
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¶ Activation of alternative signaling pathways. As previously noted, the most frequently 

activated bypass signaling pathway following TKI treatment is the MET pathway, often 

driven by gene amplification (Simasi et al., 2014). HER2 activation, driven by gene 

amplification or overexpression, and ERK pathway activation, stimulated by the development 

of BRAF activating mutations, have also been reported as a secondary resistance mechanism 

to first- and second-generation EGFR-TKIs (La Monica et al., 2019; Nagasaka et al., 2022); 

¶ Phenotype transition. In some cases, NSCLC can undergo a transformation into small cell 

lung cancer (SCLC) as a mechanism of secondary resistance to TKI-therapies. This 

histological transformation from NSCLC to SCLC has been reported to occur in 3-15% of 

patients undergoing treatment with EGFR inhibitors (Oser et al., 2015). Tumor phenotype 

transition also includes the shift of the tumor cells from an epithelial to a mesenchymal 

phenotype, through the process known as epithelial-mesenchymal transition (EMT). This 

transition enhances cell motility, invasiveness and resistance to apoptosis, allowing the tumor 

to evade the effects of TKIs (Zhu et al., 2019); 

¶ Crosstalk of target receptors with other RTKs. When TKIs, such as those targeting EGFR, 

are administered, they can inadvertently lead to the formation of a heterodimer between EGFR 

itself and other RTKs in order to preserve tumor survival signaling pathways. A key example 

is the overexpression of the insulin-like growth factor-1 receptor (IGF1R) during EGFR-

directed therapies in NSCLC. Under treatment, EGFR has been reported to interact with 

IGF1R, resulting in the formation of heterodimers. Heterodimerization activates IGF1R, 

triggering the downstream PI3K-AKT signaling pathway, resulting in enhanced tumor cell 

resistance to programmed cell death and reduced sensitivity to TKIs (Liu et al., 2018).  

7.2 Mechanisms of ICI resistance in NSCLC 

7.2.1 Primary resistance 

The subsequent mechanisms have been identified as causes of primary resistance to ICI 

therapy: 

¶ Low tumor immunogenicity. In order to evade immune recognition, tumors may 

downregulate major histocompatibility complex (MHC) molecules or express insufficient 

levels of tumor-associated antigensïe.g., due to low intrinsic TMBïleading to inadequate 

activation and recognition of T cells against the tumor cells (Nagasaki et al., 2022; Zhou et 

al., 2023); 

¶ Defects in antigen presentation machinery. Deficiencies in antigen presentation play a 

crucial role in primary resistance to immune checkpoint blockade therapies. One significant 
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mechanism involves the downregulation of MHC class I molecules and the loss of function 

of ɓ2-microglobulin (B2M), which is essential for proper MHC-I folding and transport to the 

cell surface. Mutations in the B2M gene are indeed among the most common alterations 

associated with resistance to ICIs (Gettinger et al., 2017; Jenkins et al., 2018). In addition, 

epigenetic changes affecting TAP (transporter associated with antigen presentation) can also 

reduce MHC class I expression (Gettinger et al., 2017; Jenkins et al., 2018); 

¶ Alterations in immune signaling pathways. Genetic alterations in immune-related 

signaling pathways, such as the IFN-g signaling pathway JAK-STAT, can disrupt the ability 

of tumor cells to respond to ICIs, leading to primary resistance. Normally, reactive T cells 

recognize neoantigens on tumor cells presented by MHC class I molecules and release IFN-ɔ 

in the TME. This triggers the JAK-STAT signaling pathway in tumor cells, leading to 

increased tumoral PD-L1 expression (Jorgovanovic et al., 2020) (Figure VII ). Any alteration 

in the tumor's response to the IFN-ɔ signaling pathway can inhibit PD-L1 expression 

induction, rendering anti-PD-(L)1 therapies ineffective. Identified mutations affecting the 

IFN-ɔ signaling pathway primarily include deletions in components such as JAK1, JAK2, 

STAT1, and the IFN-ɔ receptors genes IFNGR1 and IFNGR2 (Zaretsky et al., 2016; Manguso 

et al., 2017).  

 

Figure VII . Role of the IFN-ɔ signaling pathway in the expression of the PD-L1 ligand ï from Kalbasi & 

Ribas, 2020. (A) Functional IFN-ɔ signaling pathway. The recognition of tumor neoantigens presented by the 
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MHC class I complex by the T-cell receptor (TCR) of the activated T cell stimulates the release of IFN-ɔ by the 

T cell itself. The binding of IFN-ɔ to the IFN-ɔ receptor (IFNɔR) expressed by the tumor cell induces the 

activation of Janus kinases (JAK) and signal transducer and activator of transcription (STAT). The JAK-STAT 

signaling pathway activates the transcription of the IFN-ɔ regulatory factor IRF-1, which in turn activates the 

transcription of PD-L1. The end result is the adaptive expression of the PD-L1 ligand by the tumor cell, which 

negatively regulates the anti-tumor lymphocytic response. Treatment with anti-PD-1 or anti-PD-L1 antibodies 

blocks the inhibition of lymphocyte activity induced by the interaction of PD-L1 with the PD-1 receptor. (B) 

Non-functional IFN-ɔ signaling pathway. The release of IFN-ɔ by the activated T cell does not induce the IFN-

ɔ signaling pathway in the tumor cell, where the adaptive expression of PD-L1 is not induced. In the absence of 

induced PD-L1 expression, treatment with anti-PD-1 or anti-PD-L1 antibodies becomes ineffective. IFNɔR: IFN-

ɔ receptor. TCR: T cell receptor. 

Moreover, the IFN-ɔ signaling pathway also induces the expression of the MHC class I 

complex, which is responsible for antigen presentation on the tumor surface. Tumor cells that 

are insensitive to the IFN-ɔ signaling pathway may therefore exhibit reduced expression of 

the MHC class I complex, allowing for immune evasion (Kalbasi & Ribas, 2020). 

For what concerns PD-L1, as previously described, the expression of this checkpoint by tumor 

cells can contribute to creating an ñimmune shieldò that allows them to evade the antitumor 

activity of effector T cells. Beyond its role in immune evasion, it has been observed that the 

expression and stimulation of PD-L1 on the surface of tumor cells is associated with signaling 

pathways that remain not fully understood, which convey survival signals to the tumor cell 

itself. It has indeed been demonstrated that PD-L1, when expressed on tumor cells, can 

mediate intracellular signaling following stimulation by PD-1, inducing anti-apoptotic signals 

that interfere with the classical apoptotic mechanisms triggered by the Fas ligand, thereby 

granting tumor cells resistance against the cytotoxic activity of T lymphocytes (Escors et al., 

2018). Accordingly, the elimination of the intracellular domain of PD-L1 has been shown to 

reverse tumor resistance to immune elimination and lead to tumor regression in murine models 

(Azuma et al., 2008). The cytoplasmic portion of PD-L1 has been indeed found to trigger 

signals that directly interfere with IFN signaling pathway, reducing tumor cell sensitivity to 

its cytotoxic effects. This effect is mediated by sequences in PD-L1 cytoplasmic tail, which 

are capable of inhibiting the STAT3-Caspase7 pathway, activated by IFN, that regulates cell 

apoptosis (Gato-Cañas et al., 2017). Of note, further studies have revealed that PD-L1 can 

activate intrinsic signaling pathways even without binding to PD-1, increasing tumor cell 

proliferation and survival by inhibiting autophagy or through the activation of mTOR, which 

is involved in promoting tumor glycolytic metabolism (Chang et al., 2015; Clark et al., 2016). 

Recent evidence suggests that mutations or alterations in PD-L1 expression are closely 
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associated with primary resistance to ICIs. For instance, amplification of the PD-L1 gene can 

lead to overexpression of PD-L1 on tumor cells, which may result in the saturation of the 

interaction sites for ICIs that target the PD-1/PD-L1 axis (Straub et al., 2016; Yi et al., 2021). 

Nevertheless, while current evidence suggests that PD-L1 plays a significant role in primary 

resistance to ICIs, further studies are necessary to fully elucidate these relationships. The 

literature indeed presents conflicting data regarding the signaling of PD-L1 on tumor cells. 

While some studies indicate an oncogenic role of PD-L1, as previously described, others also 

demonstrated a tumor-suppressive role of this modulator, evidencing the complexity of PD-

L1's function in cancer biology (Wang et al., 2020). 

Differently, the Wnt/ɓ-catenin pathway has demonstrated to be often implicated in primary 

resistance to ICIs. Activation of this pathway can indeed lead to a tumor-promoting 

microenvironment that suppresses T-cell infiltration and function, thereby diminishing the 

effectiveness of ICIs (Nagasaki et al., 2022).  

Another critical pathway involved in primary resistance to ICIs is the PTEN-STAT3 signaling 

pathway. Loss of PTEN function can result in constitutive activation of STAT3, which 

promotes an immunosuppressive TME characterized by increased expression of immune 

checkpoint molecules like PD-L1, and increased tumor cell survival (Peng et al., 2012; 

Cretella et al., 2019).  

Finally, genetic mutations in the PI3K-AKT pathway can further contribute to immune 

evasion. Tumors with such alterations may indeed fail to respond to ICIs due to enhanced 

survival signaling and diminished responsiveness to immune-mediated cytotoxicity (Collins 

et al., 2022).  

¶ Immunosuppressive TME. Within TME, tumor cells can interact with several 

stromal and immune cells, creating a context that favors tumor survival and proliferation. 

Immunosuppressive cells, such as regulatory T cells (Tregs) and myeloid-derived suppressor 

cells (MDSCs), can inhibit the activity of effector T lymphocytes, hindering their ability to 

recognize and destroy tumor cells (Schmidt et al., 2012; Yang et al., 2020). Additionally, M2 

macrophages, which are often associated with tissue repair and tumor progression, can secrete 

immunosuppressive factors such as IL-10 and TGF-ɓ, that further inhibit T-cell activation 

(Boutilier & Elsawa, 2021; Gao et al., 2022). Cancer-associated fibroblasts (CAFs) also 

contribute to the immunosuppressive microenvironment by secreting cytokines and 

extracellular matrix components, including IL -6, TGF-ɓ, and CXCL12, that promote tumor 

growth and inhibit effective immune responses (Glabman et al., 2022; Zhang et al., 2023). 



  Introduction 

 

51 
 

7.2.2 Secondary resistance 

Secondary resistance mechanisms to ICIs can overlap with those of primary resistance, but 

they typically emerge after an initial response to therapy. The main mechanisms are described below: 

¶ Selection of low immunogenic tumor cell clones. After an initial response to therapy, 

tumor heterogeneity becomes a critical factor as more immunogenic cells are targeted and 

eliminated by the immune system. This selective pressure operated by the treatment and, more 

broadly, by the immune systema phenomenon known as ñimmune editingòcan lead to the 

outgrowth of low immunogenic tumor clones that express fewer recognizable antigens or that 

show altered antigen presentation capabilities, as previously described. As these less 

immunogenic clones proliferate, they escape immune detection, diminishing the overall 

effectiveness of the treatment (Gejman et al., 2018; Zapata et al., 2023). 

¶ Adaptive alterations in antigen presentation. Tumor cells may downregulate or lose 

the expression of MHC molecules, in order to reduce their recognition by T cells and enabling 

them to escape immune detection (Cornel et al., 2020);  

¶ Acquisition of mutations in signaling pathways.  Tumor cells may acquire mutations 

in pathways like JAK-STAT or PI3K-AKT, which can lead to resistance by bypassing the 

effects of ICIs or promoting survival signals (for more details refer to Section 7.2.1) (Fujiwara 

et al., 2020; Schoenfeld & Hellmann, 2020); 

¶ T-cell exhaustion. Chronic exposure to tumor antigens can lead to T-cell exhaustion, 

which is a state of dysfunctional T-cell response characterized by upregulation of inhibitory 

immune checkpoint, such as PD-1 and CTLA-4, with a decline in effector functions and, 

consequently, reduced effectiveness of ICIs over time (Nagasaki et al., 2022; Wang et al., 

2023); 

¶ Increased expression of alternative immune checkpoints by T cells. Following 

initial responses to ICIs, T cells may adapt by upregulating alternative inhibitory receptors, 

such as TIM-3, LAG-3, TIGIT and VISTA. The co-expression of these alternative 

checkpoints can lead to a more pronounced state of exhaustion, further dampening T-cell 

activation and function and diminishing the efficacy of ICI therapy (Wuerdemann et al., 2020; 

Wang et al., 2023).  

7.2.3 Hypothesized mechanisms of hyperprogression 

Although the mechanisms underlying hyperprogression during treatment with ICIs are not yet 

fully understood, it is believed that they may involve processes related to both primary and acquired 

resistance to ICI therapy, as previously described. Among these mechanisms, increase in Tregs within 
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the TME, loss of function of effector T cells, modulation of pro-tumorigenic soluble factors, aberrant 

inflammation, and activation of oncogenic pathways have been proposed (Figure VIII ). 

 

Figure VIII . Hypothesized biological mechanisms underlying hyperprogression induced by treatment with ICIs ï 

from Angelicola et al., 2021. ICI therapy may functionally activate infiltrating regulatory T cells (Tregs), leading to an 

immunosuppressive tumor microenvironment (TME). At the same time, compensatory upregulation of alternative 

immune checkpoints, including LAG-3, TIM-3 and CTLA-4, on effector T cells after ICI therapy may induce T-cell 

exhaustion. Immune checkpoint blockade (ICB) might also induce the expression of CD38 on tumor cells and IFN-ɔ-

dependent recruitment of CD38-expressing myeloid-derived suppressor cells (MDSCs), resulting in immune suppression. 

Moreover, ICI therapy may induce the upregulation of the immunosuppressive enzyme indoleamine 2,3-dioxygenase 1 

(IDO1) and the increased secretion of immunosuppressive cytokines and soluble molecules, including interleukin 10 (IL-

10), angiopoietin-2 (ANGPT2) and interferon-gamma (IFN-ɔ) into the TME. ICB might also functionally boost T helper 

1 (not shown) and T helper 17 (Th17) lymphocytes, resulting in neutrophil recruitment and in an inflammatory 

immunosuppressive TME enriched in interleukin 6 (IL-6) and interleukin 17 (IL-17). In addition, ICIs may bind to Fc 

receptors (FcR) on tumor-associated macrophages (TAMs), resulting in a shift from M1 to an immunosuppressive M2 

phenotype. ICB may also induce an increase in cancer stem cells (CSC) and may activate oncogenic signaling pathways, 

such as those driven by MDM2, PD-1, PD-L1 and EGFR, thus promoting tumor proliferation. DC: dendritic cell. 

¶ Expansion of infiltrating Treg s. It is thought that the immune activation initially 

stimulated by ICIs may inadvertently lead to a feedback loop that promotes the expansion of 

Tregs a phenomenon known as "counter-suppression"resulting in suppression of T-cell 
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efficacy and reduced effectiveness of immunotherapy (Barnaba & Schinzari, 2013; Champiat 

et al., 2018);  

¶ T-cell exhaustion. Prolonged exposure to tumor antigens may lead to the exhaustion 

of T cells and to the compensatory expression of the alternative immune checkpoint TIM-3, 

LAG-3, TIGIT or VISTA, as previously described. Although ICIs aim to reinvigorate 

exhausted T cells enhancing their anti-tumor activity, in some cases the persistent stimulation 

of the immune system can exacerbate exhaustion rather than restore T-cell functionality 

(Champiat et al., 2018);  

¶ Release of immunosuppressive mediators in the TME. It is thought that ICI therapy 

may induce a compensatory activation of the immune response, characterized by the release 

of immunosuppressive cytokines and soluble mediators by tumor infiltrating immune cells. 

For instance, PD-1/PD-L1 blockade has demonstrated to increase IL-10 secretion by dendritic 

cells (DCs) and to induce the expression of IL-10 receptor (IL-10R) on CD8+ PD-1+ T cells 

(Sun et al., 2015; Lamichhane et al., 2017). Similarly, ICI therapy has been associated with 

increased levels of angiopoietin-2 (ANGPT2), which is an activator of pro-tumor M2 

macrophages, and elevated levels of inhibitory molecules such as indoleamine 2,3-

dioxygenase (IDO1), which promotes the differentiation of Tregs (Wu et al., 2017; Champiat 

et al., 2018). Moreover, ICI therapy has also demonstrated to upregulate cluster of 

differentiation 38 (CD38) on tumor cellsīa well-known alternative immune 

checkpointīleading to immune suppression and resistance to therapy (Chen et al., 2018).  

¶ Aberrant inflammation . Increased secretion of inflammatory cytokines, including 

IFN-ɔ, IL-6, and IL-17, released by T helper 1 (Th1) and Th17 cells, has been observed in 

patients under ICI treatment (Dulos et al., 2012). The cytokine storm derived from aberrant 

inflammation, can not only promote tumor cell survival, proliferation, and metastasis, but also 

recruit neutrophils to the tumor site and induce in macrophages the shift from the M1 (pro-

inflammatory) phenotype to the M2 (immunosuppressive) phenotype, which further stimulate 

tumor survival (Champiat et al., 2018). Notably, the interaction between the Fc domain of 

ICIs and Fc receptors (FcRs) expressed by macrophages has also demonstrated to effectively 

reprogram macrophages from the M1 to the M2 phenotype in patients experiencing HPD (Lo 

Russo et al., 2019); 

¶ Activation of oncologenic pathways. The activation of oncogenic pathways after ICI 

therapy is thought to stimulate tumor growth and hyperprogression development. For instance, 

the amplification of the MDM2 gene, which is involved in p53 degradation and inhibition, has 

frequently been reported in HPD patients (Kato et al., 2017). In addition, IFN-ɔ-induced 
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interferon regulatory factor 8 (IRF8) can induce MDM2 overexpression by binding to its 

promoter (Zhou et al., 2009). Moreover, PD-1 signaling pathway has been also implicated 

into HPD stimulation, as it has been demonstrated that the binding of PD-1 by PD-1īdirected 

ICIs can induce the activation of the oncogenic PI3K-AKT signaling pathway, leading to 

uncontrolled tumor cell growth (Ludin & Zon, 2017). EGFR activation has also been 

implicated in HPD development, since it has been reported to drive PD-L1 expression on 

tumor cells supporting tumor immune exclusion (Akbay et al., 2013; Sun et al., 2018). 

In addition to these mechanisms, the paper by Angelicola and colleagues also highlighted 

additional possible mechanisms of hyperprogression, specifically focusing on the role of IFN-ɔ of the 

alternative immune checkpoint known as CD38 (Angelicola et al., 2021).  

Regarding the IFN-ɔ-dependent mechanisms of hyperprogression, this cytokine has been 

shown to activate the inflammasome pathway in tumor cells by upregulating PD-L1 expression, 

which subsequently recruits MDSCs into the TME (Theivanthiran et al., 2020). Mutations in the 

cytoplasmic tail of PD-L1 or in regulatory genes of the inflammasome axis may lead to increased 

activation of this pathway, contributing to the development of hyperprogression (Angelicola et al., 

2021). Additionally, IFN-ɔ has also been reported to induce IDO1 expression in tumor cells, 

activating the JNK pathway, which in turn downregulates p53 (Spranger et al., 2013). Based on 

existing literature, it can be hypothesized that hyperprogressive patients may exhibit constitutive 

IDO1 expression, hyperactivation of the JNK pathway, and chronic inactivation of p53 (Angelicola 

et al., 2021). Furthermore, in the context of an hyperactivated immune environment resulting from 

the concurrent stimulation of tumor-specific CD8+ T cells by ICIs and TCRs by tumor antigens, IFN-

ɔ may trigger a compensatory process known as activation-induced cell death (AICD), which helps 

prevent uncontrolled immune responses by inducing apoptosis in T cells (Angelicola et al., 2021).  

The immune checkpoint CD38 may also contribute to triggering the AICD process 

(Angelicola et al., 2021). In addition, the upregulation of CD38 after ICI therapy may also lead to the 

release of adenosine into the TME, triggering the activation of ADORA receptors on tumor cells 

(Chen et al., 2018). Activation of these receptors has been shown to block the IFN-ɔ pathway, 

rendering tumor cells resistant to the cytotoxic effects of IFN-ɔ, while simultaneously activating 

oncogenic pathways, such as the JNK signaling axis, leading to p53 downregulation (Milne & Palmer, 

2011; Gessi et al., 2017). Furthermore, CD38 has been implicated in activating tumor pathways 

associated with hypoxia, establishing paracrine and autocrine signaling that promote tumor growth 

and recruit immunosuppressive cells into the TME. Hyperactivation of these pathways, due to specific 

mutations or polymorphisms, may contribute to the development of HPD (Angelicola et al., 2021). 
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8. PRECLINICAL MODELS FOR THE STUDY OF DRUG RESISTANCE IN 

NSCLC 

Preclinical models are essential for understanding the mechanisms of cancer drug resistance 

and for developing new therapeutic strategies able to overcome this clinical limitation. Resistance to 

targeted therapies like TKIs and ICIs poses a significant challenge in the treatment of NSCLC, often 

leading patients to a therapeutic dead-end with few or no effective treatment options remaining. To 

address this limitation, various preclinical models have been established, ranging from cell lines to 

genetically engineered mouse models (GEMMs) to patient-derived xenografts (PDXs). These models 

help simulate the complexity of tumor evolution under drug pressure and provide valuable insights 

into the molecular mechanisms that drive resistance. 

8.1 Cell line models 

Cell line models are one of the most widely used and accessible preclinical systems for 

investigating resistance to targeted therapies in cancer (Mirabelli et al., 2019). These models comprise 

various established NSCLC cell lines that reflect the genetic and phenotypic diversity observed in 

tumors (Belloni et al., 2024). Some commonly used NSCLC cell line models are listed below. 

¶ A549: a human lung adenocarcinoma cell line often used for sensitivity study of targeted 

agents such as TKIs (Belloni et al., 2024). It has been largely used for the study of the 

mechanisms of resistance to EGFR-targeting agents like gefitinib (Rho et al., 2009; Zhao et 

al., 2016; Liu & Gao, 2019; Tsukumo et al., 2020); 

¶ H460: a human large cell lung carcinoma cell line that has been used to study both intrinsic 

and acquired resistance to different TKIs, helping to elucidate signaling pathways involved 

in resistance mechanisms (Shi et al., 2012; Patel et al., 2013; Sudo et al., 2013); 

¶ H1975: a human lung adenocarcinoma cell line characterized by the presence of the 

EGFRT790M mutation (Walter et al., 2013). This cell line model has largely been used for 

the study of resistance to next-generation TKIs like osimertinib (Walter et al., 2013; Tang 

et al., 2016; Verusingam et al., 2021; Meraz et al., 2023).  

¶ PC-9: a human lung adenocarcinoma cell line which harbors the EGFR exon 19 deletion, 

showing sensitivity to EGFR-directed TKIs such as gefitinib and erlotinib (T. K. Hayes et 

al., 2024). Researchers have developed gefitinib-resistant variants of PC-9, known as PC-

9/GR, to investigate the mechanisms underlying acquired resistance to early-generation 

TKIs (Hamamoto et al., 2017; Song et al., 2019). 

In experimental investigations, these cell lines are often chronically exposed to progressive 

increased concentrations of TKIs over time, in order to obtain resistant sublines characterized by the 
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presence of genetic alterations and signaling pathway changes associated with resistance, which can 

be investigated (Koizumi et al., 2005; Lee et al., 2016; Song et al., 2019).  

Alternatively, cell line models can also be genetically modified to express specific mutations, 

enabling the study of intrinsic resistance associated with genetic alterations such as EGFR mutations, 

KRAS alterations or ALK rearrangements (Park et al., 2017).  

The advantages of these models include their ease of manipulation and assessment, 

experimental reproducibility due to the homogeneity of cell cultures, the possibility of high-

throughput drug screening and cost-effectiveness, compared to more complex models (van Staveren 

et al., 2009). Nevertheless, cell line models also fail to recapitulate the TME and immune interactions 

present in vivo, heavily limiting the complete understanding of drug resistance. In addition, the 

prolonged expansion of cell cultures in vitro may result in genetic drift, resulting in alterations or loss 

of their original features (Mirabelli et al., 2019).  

Given these limitations, primary patient-derived tumor cell cultures (PDC) offer more reliable 

tumor models, as they better recapitulate the heterogeneity and pathophysiology of the original tumor. 

These models are obtained by maintaining cancer cells, directly isolated from tumor tissues or 

patientsô body fluids, under 2D tissue culture conditions for a short period of time (Idrisova et al., 

2022). Notably, many of the commonly used tumor cell lines mentioned earlier were initially obtained 

from primary patient-derived tumor cultures. However, continuous passaging and immortalization 

over time have rendered them less reliable when compared to freshly derived PDCs (Idrisova et al., 

2022). Despite their advantages and applications, PDCs also need to be complemented by other 

preclinical models, as they alone cannot fully capture the complexity of tumor biology. 

8.2 Patient-derived Xenografts (PDX) 

Patient-derived xenografts (PDXs) consist in the direct implantation of freshly excised patient 

tumor fragments in immunocompromised mice, allowing for the growth and study of human tumors 

in a live organism (Jin et al., 2023). These models are highly utilized in cancer research due to their 

ability to retain the heterogeneity and the biological features of the original tumor. Indeed, PDX 

models are able to maintain the complexity of the TME, including tumor cell interaction with stromal 

or immune cells (Liu, Cui, et al., 2023; Fuchs et al., 2024). Moreover, PDX models are also useful 

tools for the evaluation of personalized therapy strategies, as they allow the testing of therapies on 

specific tumor characteristics of the individual patients (Hidalgo et al., 2014). PDX models have also 

demonstrated strong predictive value in identifying biomarkers and testing the efficacy of both 

molecular compounds and chemotherapy (Garrido-Laguna et al., 2011; Hidalgo et al., 2011; Sartore-

Bianchi et al., 2016). In addition, the establishment of PDX-derived cell cultures (PDXC) also 

represents a useful platform for large-scale screening of drugs (Idrisova et al., 2022).  
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Nevertheless, PDX models also show limitations. Firstly, the establishment and maintenance 

of these models can be time-consuming and expensive, as they require high expertise in animal 

handling (Liu, Wu, et al., 2023). Moreover, the percentage of successful engraftment may 

significantly vary between different tumor types and samples (Nanni et al., 2019; Okada et al., 2019; 

Yoshida, 2020; Landuzzi et al., 2021). In addition to this, PDX models frequently exhibit the loss of 

human tumor stroma, which is replaced by murine stroma components over time, compromising the 

accuracy of certain studies (Schneeberger et al., 2016). Moreover, the faithful preservation of the 

original tumor's genomic profile over time in PDX model is questionable, as continuous passaging 

may result in the development of novel genetic alterations, potentially creating discrepancies between 

the PDX and the patient's initial tumor (Jin et al., 2023; Sunil & OôDonnell, 2024). Finally, because 

PDX models are established in immunodeficient mice lacking functional immune systems, they 

inherently exclude any interaction between the tumor and the human immune system, significantly 

limiting their use in studying immunotherapies (Choi et al., 2018). However, this limitation has been 

effectively addressed through the development of humanized PDX models, created by the 

engraftment of human immune cells or tissues into immunodeficient mice, thereby establishing a 

more accurate representation of the human immune environment in conjunction with the tumor 

(Okada et al., 2019). Mice with reconstituted human immune system not only allow for the 

examination of tumor-immune cell interactions, but also provide a relevant platform for testing 

various immunotherapies, including ICIs (Choi et al., 2018). Nevertheless, it is important to note that 

these models only partially mimic the human immune system, failing in representing a complete and 

functional human immune response (Choi et al., 2018). 

Overall, while PDX models offer significant advantages for studying cancer drug resistance, 

careful consideration of their limitations is necessary for effective application in research and therapy 

development. 

8.3 Syngeneic preclinical models 

Syngeneic preclinical models are widely used in preclinical studies of NSCLC, particularly 

for investigating tumor-immune interactions and responses to immunotherapy. These models involve 

the transplantation of murine tumor cell lines or tumor fragments derived from spontaneously arising 

mouse tumors into genetically identical inbred mouse strains (Olson et al., 2018). These strains, such 

as C57BL/6 or BALB/c, are generated through sibling crosses for at least 20 generations, resulting in 

a highly homogeneous genetic background (Fontaine & Davis, 2016). The advantage of syngeneic 

models lies in their use of both the tumor and host from the same species, ensuring that the recipient 

mice possess an immune system fully compatible with the transplanted tumor, thereby avoiding 

rejection (Olson et al., 2018). One of the most significant benefits of these models is that they allow 
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for the study of interactions between tumor cells, the surrounding microenvironment, and the immune 

system within an immunocompetent host (Saxena & Christofori, 2013; Sanmamed et al., 2016). 

Moreover, syngeneic models are cost-effective, easy to use, and are backed by extensive genetic 

information, making them an accessible and robust tool for cancer research (Cheon & Orsulic, 2011).  

Two of the most widely used lung syngeneic models include the following: 

¶ Lewis Lung Carcinoma (LLC) model. The LLC model was derived from a spontaneous 

lung tumor developed in a C57BL/6 mouse (Bertram & Janik, 1980). It is one of the most 

frequently used syngeneic models for lung cancer research, particularly for the study of the 

immune system's response to therapies. In immunotherapy research, the LLC model has been 

used to test the effects of anti-PD-(L)1 and anti-CTLA-4 treatments, as well as to evaluate 

tumor-intrinsic resistance mechanisms and immune evasion strategies (Wu et al., 2020; 

Olivo Pimentel et al., 2021; Lei et al., 2024); 

¶ LL/2 model. Also known as LLC1/LL2 (Lewis Lung Carcinoma 2), this model is a subline 

of the original LLC model (DuŜ et al., 1985). Similarly to LLC, the LL/2 model was derived 

from a spontaneous lung tumor that developed in a C57BL/6 mouse and it is also used for 

preclinical testing of several therapeutic strategies, including immunotherapy and targeted 

therapies (Ning et al., 2009; Li et al., 2017).  

Despite their several applications, syngeneic models also have notable limitations. One key 

drawback is the absence of human tumor targets, which means that immune responses may differ 

from those observed in human-based assays (Jung, 2014). Additionally, the rapid tumor progression 

seen in syngeneic models does not allow for the development of the chronic inflammation typically 

observed in human tumors (Gutierrez et al., 2021). The genetic homogeneity of inbred strains further 

limits their ability to mimic the genetic diversity of human cancers (Zhong et al., 2020). Moreover, 

many of the tumor cell lines used in syngeneic models are derived from chemically induced tumors, 

leading to high levels of neoantigens, which might overestimate the efficacy of immunotherapies like 

ICIs and may be more reflective of ñhotò tumors in humans, which are more immunogenic (Chen et 

al., 2022).  

Although syngeneic models provide valuable insights into tumor-immune interactions, their 

limitations, such as reduced genetic diversity and differences from human tumor microenvironments, 

should be considered during preclinical investigations. 

8.4 Genetically Engineered Mouse Models (GEMMs) 

Genetically Engineered Mouse Models (GEMMs) have emerged as a pivotal tool for studying 

drug resistance in tumors. GEMMs models are engineered to harbor specific genetic aberrations that 
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mirror those found in human tumors, allowing them to phenocopy the malignancy and faithfully 

replicate the genetic landscape of the tumor (Kersten et al., 2017; Lampreht Tratar et al., 2018). These 

models develop spontaneous tumors that arise in their native tissue environment and develop within 

an immunocompetent host. This allows for the natural interaction between the tumor and the immune 

system, providing a more accurate representation of the TME, particularly for studies involving 

immunotherapies. Moreover, GEMMs are well-suited for assessing the efficacy of candidate drugs 

and studying the effects of specific mutations or pathways in a controlled genetic background (Becher 

& Holland, 2006). Of note, all the GEMMs can be classified as syngeneic models due to their 

development from genetically identical inbred mouse strains. 

So far, the following GEMMs model have been established for the study of NSCLC drug 

resistance: 

¶ GEMMs carrying EGFR mutations. Transgenic mice carrying two of the most common 

EGFR alterations in NSCLC, i.e., L858R missense mutation and in-frame exon 19 deletions, 

have been successfully established. These mutations are known to sensitize tumors to EGFR-

directed TKIs, providing researchers with the opportunity to study tumor evolution over 

time, after initial treatment with EGFR-TKIs. This model indeed enables the tracking of the 

emergence of resistance to first-generation EGFR-TKIs (Arteaga, 2006; Politi et al., 2006). 

GEMMs that also combine different EGFR mutations are also available for the study of the 

complexity of NSCLC resistance to targeted therapies (Kim et al., 2022). Notably, GEMMs 

models carrying EGFR mutations have also been utilized for studies of NSCLC resistance 

to immunotherapy (Le et al., 2021); 

¶ GEMMs carrying ALK rearrangements. Transgenic mouse models carrying the EML4-

ALK fusion have been developed for the study of the response and mechanisms of resistance 

of ALK-rearranged NSCLC to ALK inhibitors such as crizotinib (Pyo et al., 2017); 

¶ GEMMs carrying ROS1 rearrangements. GEMMs harboring CD74-ROS1 and SDC4-

ROS1 fusions have been developed for the study of the pathogenesis of ROS1-rearranged 

NSCLC and for the investigation of novel therapeutic strategies against this class of tumors 

(Inoue et al., 2016);  

¶ GEMMs carrying KRAS mutations. Several transgenic mice harboring KRAS mutations, 

including G12D and G12C mutations, have been developed for the study of the initiation 

and progression of KRAS-mutated lung tumors, for the identification of novel drugs targeting 

KRAS signaling pathways, and for the study of the mechanisms of resistance to KRASG12C-

mutated NSCLC (Jackson et al., 2001; Johnson et al., 2001; Drosten et al., 2018; Lee et al., 

2023). Several models of GEMMs carrying co-mutations of KRAS and other genes have also 



  Introduction 

 

60 
 

been described. Some examples are the GEMM model characterized by conditional 

mutations in KRAS and p53 tumor suppressor gene (Jackson et al., 2005; DuPage et al., 

2009), or models carrying co-mutations in KRAS and Ink4a/Arf or Lkb1 (also known as 

STK11) genes (Ji et al., 2007). All these models showed increased progression of lung tumors 

and metastatic lesions. Notably, the p53 and KRAS co-mutant GEMM model has been 

extensively used for studying NSCLC resistance to immunotherapy, as these genes are 

frequently co-mutated in human NSCLC (Riccardo et al., 2014). Several studies have also 

demonstrated that lung tumors carrying KRAS and p53 co-mutations are highly 

immunogenic, but they also develop several mechanisms to suppress the antitumor immune 

responses, including PD-L1 upregulation and recruitment of immunosuppressive cells 

(Adeegbe et al., 2018; Boumelha et al., 2022). Finally, the GEMM model harboring 

KRASG12D mutation together with PTEN knock-out has been used not only for investigations 

regarding the tumorigenesis of human colorectal cancer (CRC), but also for the study of the 

interplay between these genes in lung cancer progression and resistance to therapies (de 

Seranno & Meuwissen, 2010; Davies et al., 2014; Berthelsen et al., 2021).  

¶ GEMMs with knock -out of immune checkpoint. Transgenic mice characterized by the 

loss of PD-L1 expression have been developed to investigate how the loss of tumoral 

immune checkpoint influence tumor immunity and resistance to ICIs. For instance, a GEMM 

model of EGFR-mutant NSCLC with PD-L1 knock-out has been used to investigate how 

IL-6 can influence the TME composition and the response to ICI therapy (Patel et al., 2023). 

Despite the advantages provided by the use of these models in cancer research, GEMMs also 

have several notable drawbacks. One of the main limitations is their relatively low TMB (McFadden 

et al., 2016; Salehi-Rad et al., 2021). Human NSCLC, especially those driven by mutations in genes 

like KRAS, TP53, and LKB1, is typically characterized by a high TMB, often resulting in tumors with 

diverse and complex phenotypes. In contrast, many GEMMs possess only the primary driver 

mutations and lack the additional protein-altering mutations that contribute to tumor heterogeneity 

(Salehi-Rad et al., 2021). This limitation makes it difficult for GEMMs to fully recapitulate the 

mutational complexity of human NSCLC. In addition, GEMMs often suffer from genetic 

homogeneity due to the use of inbred mouse strains, such as C57Bl/6, where each mouse is genetically 

identical to the others (Rogers, 2019; Simond & Muller, 2020). This lack of genetic diversity contrasts 

with the vast heterogeneity found in human cancer, where genetic variability significantly influences 

tumor behavior and treatment outcomes. Another significant drawback is that many GEMMs fail to 

develop metastases, a hallmark of advanced NSCLC in humans (Hayes et al., 2014). Since metastasis 

is a key factor in disease progression and treatment resistance, the lack of this characteristic limits the 
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utility of GEMMs for studying advanced-stage cancer and therapeutic responses in metastatic 

settings.  

As a result, ongoing research is focused on developing more genetically diverse mouse models 

to better reflect the complexity of human cancer and enhance the predictive power of preclinical 

studies (Fitzgerald et al., 2021; Zhu et al., 2023; Abate-Shen & Politi, 2024). 
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1. DEVELOPMENT  OF PATIENT -DERIVED NSCLC PRECLINICAL 

MODELS  

The human NSCLC cell lines most commonly used in lung cancer research and included in 

commercially available panels were established decades ago (Gazdar, Girard, et al., 2010; Arnal-

Estapé et al., 2021). Since exogenous factors (e.g., smoking habits, exposure to particulate matter) 

can influence cancer cell phenotypes and their heterogeneity, these cell lines often fail to fully 

replicate the complexity and diversity of treatment responses observed in patients. Further, the 

continuous propagation of these models over time has likely altered their mutational profile, 

potentially distancing them from the original tumor characteristics and limiting their relevance in 

contemporary research (Hynds et al., 2021). In contrast, newly derived primary cell lines established 

from patients who have developed resistance to immunotherapy or targeted therapies offer the 

significant advantage of retaining the original tumor heterogeneity, a feature that established cell lines 

tend to lose over time. This approach not only provides a more accurate representation of the disease 

but also opens new avenues for personalized medicine, tailored to individual tumor profiles 

(Miserocchi et al., 2017; Richter et al., 2021).  

Moreover, for oncogene-driven NSCLC, commercially available cell lines lack endogenous 

representation of certain rare mutations, including specific uncommon EGFR mutations, BRAF 

mutations, and ROS1 fusions (S.-Y. Kim et al., 2019). In this regard, the significance of the patient-

derived cell cultures established in our laboratory lies in their unique genetic landscape, characterized 

by rare mutations and distinct resistance profiles. These models offer a critical resource for advancing 

our understanding of tumor biology and resistance mechanisms, providing novel insights that 

commercially available lines simply cannot capture.  

In the Laboratory of Immunology and Biology of Metastasis directed by Prof. Pier-Luigi 

Lollini, we established a panel of human NSCLC preclinical models derived from patients exhibiting 

primary or acquired resistance to the leading approved therapeutic strategies, including tyrosine 

kinase inhibitors (TKIs) and immunotherapy. In this context, human tumor samples have been 

collected and used for the establishment of primary cell cultures or patient-derived xenografts 

(PDXs).  

In this study, a cohort of 23 patients was enrolled to investigate resistance mechanisms to 

TKI-based therapies in advanced NSCLC with rare mutations and/or immunotherapy resistance, 

yielding a subset of samples that successfully generated primary cell cultures or PDXs.  

Table 1 provides a detailed summary of the clinical and molecular characteristics of the 

patients enrolled in the present study. 
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Patient case Tumor mutations 
Therapy at the 

time of sampling 
Patientôs clinical response 

ADK-VR2 SDC4-ROS1 gene fusion 
None  

(baseline) 

Progression disease after 

chemotherapy (first-line) 

and crizotinib (second-line) 

ADK-VR3 KRASG12D  Chemotherapy 
Progression disease after 

chemotherapy  

LIBM -ADK-11 EGFRE19delins Osimertinib 
Progression disease after 

osimertinib 

ADK-13 KRASG12C Immunotherapy 

Progression disease after 

chemotherapy (first- and 

second-line). Slow 

progression disease after 

immunotherapy (third-line) 

ADK-14 BRAFG466V (class III  mutation) 
Chemo-

immunotherapy 

Slow progression disease 

after chemo-immunotherapy 

ADK-15 
EGFRL858R , 

DDR2 mutation 
Gefitinib 

Progression disease after 

gefitinib 

ADK-17 
KRASG12C 

None (baseline) Hyperprogressive disease 

after immunotherapy 
ADK-18 Immunotherapy 

ADK-19 KRASG12C Immunotherapy 

Progression disease after 

chemotherapy (first-line) 

and hyperprogression 

disease after immunotherapy 

(second-line) 

ADK-20 

KRAS, 

FGFR3-TACC3 gene fusion 

EGFRE19del 

Osimertinib 

Progression disease after 

osimertinib (first-line), and 

chemo-immunotherapy 

(second-line) 

ADK-21 KRASG13C Immunotherapy 

Progression disease after 

chemotherapy (first-line) 

and immunotherapy 

(second-line) 

ADK-25 KRASG12V 
Chemo-

immunotherapy 

Hyperprogressive disease 

after chemo-immunotherapy 

ADK-28 KRASG12C Immunotherapy 
Progression disease after 

immunotherapy 

ADK-30 
EGFR, 

EGFR-RET gene fusion 
Osimertinib 

Progression disease after 

osimertinib 

ADK-31 EGFR (exon 20 amplification) Osimertinib 
Progression disease after 

osimertinib 

Table 1. List of clinical cases with NSCLC enrolled in the present study (table continues in the next page). 
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Patient case Tumor mutations 
Therapy at the 

time of sampling 
Patientôs clinical response 

ADK-32 EGFR 
Chemo-

immunotherapy 

Long responder, then 

progression disease after 

osimertinib (first-line) and 

chemo-immunotherapy 

(second-line) 

ADK-34 KRASG12A 
Chemo-

immunotherapy 

Progression disease after 

chemo-immunotherapy 

(first-line), stable disease 

after chemotherapy  

(second-line) 

ADK-35 KRASG12C Sotorasib 

Progression disease after 

chemo-immunotherapy 

(first-line), chemotherapy 

(second-line) and sotorasib 

(third-line) 

ADK-36 BRAFD594G (class III mutation) 
Chemo-

immunotherapy 

Progression disease after 

chemo-immunotherapy 

(first-line). Partial response 

after erlotinib (second-line) 

ADK-37 BRAFV600E (class I mutation) 
Dabrafenib + 

Trametinib 

Progressive disease after 

dabrafenib + trametinib  

ADK-38 KRASG12V 
Chemo-

immunotherapy 

Progressive disease after 

chemo-immunotherapy 

(first-line) and 

immunotherapy  

(second-line) 

ADK-40 n.d. Immunotherapy 
Rapid progression disease 

after immunotherapy 

ADK-41 BRAF (class III mutation) Immunotherapy 
Progression disease after 

immunotherapy 

ADK-42 n.d. 
Chemo-

immunotherapy 

Mixed response after 

chemo-immunotherapy 

Table 1 (continued). List of clinical cases with NSCLC enrolled in the present study. 

The establishment of cell lines from fresh tumor tissues achieved a success rate of 

approximately 50%, whereas PDXs demonstrated a higher success rate of around 73%, with 11 out 

of 15 PDXs successfully stabilized. Of note, we also effectively established PDX-derived cell cultures 

(PDXC) from all the stabilized PDXs.  

Figure 1 illustrates the growth curves of the efficiently stabilized PDXs, highlighting their 

growth dynamics and significant differences in tumor growth. 
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Figure 1. Tumor growth curves of stabilized PDXs established from 11 NSCLC patients. The picture depicts the 

tumor growth curves of PDXs established from patients who underwent immunotherapy (A) or targeted therapy (B), 

described in Table 1 (for each curve, n=2-4). Each point represents mean and SEM. Two-way ANOVA was used to 

compare the groups: (A) interaction, p<0.0001; volume, p<0.01; (B) interaction, p<0.0001; volume, p<0.001. The tables 

on the right report the minimum level of significance between group means, starting from the 4th (A) or 3rd (B) week after 

tumor engraftment (unless otherwise specified), as measured by the Tukey's post-tests. * p<0.05, ** p<0.01, *** p<0.001 

and **** p<0.0001. n.s.: not significant. SEM: standard error of the mean. 

Within the panel of patient-derived preclinical models described above, we focused our 

investigations on the following patient-derived cell lines: 

¶ LIBM -ADK-11 and ADK-VR2, employed in studies investigating the role played by tumor 

heterogeneity in the resistance to TKIs; 

¶ ADK-14 and PDX-ADK-36, used to investigate novel therapeutic strategies for oncogene-

addicted NSCLC orphan of effective therapies; 

¶ ADK-17, ADK-18, ADK-19 and ADK-25, utilized to define the biological processes 

responsible for resistance to ICI-based immunotherapy and identify novel therapeutic 

options to effectively overcome it. 
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2. THE IMPACT OF TUMOR HETEROGENEITY IN RESISTANCE TO TKI -

BASED THERAPIES  

Tumor heterogeneity is defined as the coexistence of diverse cell populations within a single 

tumor, which can vary in genetic, phenotypic, and functional characteristics (El-Sayes et al., 2021). 

This heterogeneity arises due to microenvironmental and treatment pressures, along with phenotypic 

shifts driven by genetic and epigenetic alterations (Zhu et al., 2021; A. Zhang et al., 2022; Salemme 

et al., 2023).  

In this context, we present a compelling example of how tumor heterogeneity influences 

resistance to TKI-based therapies, illustrated by studying two NSCLC cell lines, ADK-VR2 and 

LIBM -ADK-11 (Table 1). Our findings from these models, described below, offer valuable insights 

into the impact that tumor heterogeneity can affect the response to TKI-targeted therapies.  

2.1 ADK-VR2, a preclinical model of NSCLC carrying a SDC4-ROS1 translocation 

ADK-VR2 cell line was established from the pleural effusion of a treatment-naïve NSCLC 

patient carrying a SDC4-ROS1 gene fusion, that was primarily resistant to crizotinib.  

The low frequency of ROS1 fusions in NSCLC inevitably limits the availability of preclinical 

models, significantly hindering the understanding of the mechanisms underlying drug resistance, as 

well as the development and identification of optimal therapeutic approaches to overcome it. 

In the present study, we characterized the ADK-VR2 cell line model and its subpopulations 

resistant to crizotinib, proving its potential as a new preclinical model for investigating novel 

therapeutic approaches in ROS1-rearranged NSCLC.  

The following sections describe the investigations conducted and the results obtained. Part of 

the data described below were also included in the manuscript Ruzzi, Angelicola et al., Translational 

Lung Cancer Research, 2022 (Ruzzi, Angelicola et al., 2022). 

2.1.1 Clinical history and tumor molecular data of the patient 

At the moment of diagnosis, the patient, a 46-year-old Asian, non-smoker male, affected with 

stage IV NSCLC, revealed extensive right pleural effusion and pulmonary spread. According to 

cytological and molecular analyses on pleural effusion cells, the primary tumor was positive for TTF1 

and BerEP4 expression (Figure 2A,B), and showed a PD-L1 tumor proportion score (TPS) of 25% 

(data not shown). In addition, the tumor was negative for EGFR, KRAS or ALK alterations. The only 

identified alteration, detected through next-generation sequencing (NGS), was SDC4-ROS1 gene 

fusion (Figure 2C).  

As a first-line treatment, the patient received chemotherapy, consisting of cisplatin (75 mg/m2) 

and pemetrexed (500 mg/m2) every 3 weeks, up to four cycles. At the time of the first radiographic 
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tumor assessment, progressive disease was observed. Therefore, according to tumor ROS1 status, a 

second-line treatment with crizotinib 250 mg twice daily was initiated, along with gamma-knife 

radiotherapy to address three brain lesions. Unfortunately, after two months of TKI-based treatment, 

the patient experienced once again disease progression, with hepatic and bone metastases, pulmonary 

lymphangitis, and peritoneal carcinomatosis. Considering the fast disease progression to TKI therapy, 

a liver biopsy was performed to investigate the molecular profile of the disease. Hematoxylin and 

eosin (H&E) staining showed the profile of an adenocarcinoma with an acinar structure expressing 

TTF1 (Figure 2D,E), while fluorescence in situ hybridization (FISH) testing confirmed the presence 

of 5ô ROS1 deletion in 62% of analyzed cells (Figure 2F).  

 

Figure 2. Molecular and morphological characterization of patientôs tumor samples. (A,B) Cytological cell blocks 

from malignant pleural effusion of the patient at the diagnosis. (A) H&E staining showing aggregates of neoplastic cells 

(arrows). ×10 magnification. (B) TTF1 staining evidencing a focal positivity (arrows). ×10 magnification. (C) 

Representative illustration of the SDC4(exon 2)-ROS1(exon 32) rearrangement. (D,E) Liver metastasis. (D) H&E 
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staining. (E) TTF1 staining. (F) FISH image showing the ROS1 fusion on liver biopsy. Circled areas represent positive 

cells to 5' ROS1 fusion (magnification DAPI ×100). H&E: Hematoxylin and eosin; FISH: fluorescence in situ 

hybridization. 

Following palliative radiotherapy, a third-line treatment with lorlatinib was proposed for 

compassionate use, but was not administered due to rapid disease progression which led to patientôs 

exitus. 

2.1.2 In vitro sensitivity of the ADK-VR2 cell line to ROS1-directed TKIs and chemotherapeutic 

agents 

Firstly, the sensitivity profile of the ADK-VR2 cell line to multi-TKIs, ALK/ROS1-directed 

TKIs and pemetrexed was evaluated and compared to the one of the HCC-78 cell line. HCC-78 is a 

commercial cell line carrying the SLC34A2-ROS1 fusion, representing the most used preclinical 

model of ROS1-rearranged NSCLC cell line for drug sensitivity tests (Davies et al., 2013; Terrones 

et al., 2023).  

Considering the clinical history of the patient, who showed no response to the first-line 

chemotherapy and second-line crizotinib treatment, the sensitivity of ADK-VR2 to pemetrexed and 

crizotinib was tested in 2D culture conditions. ADK-VR2 cell line showed lower sensitivity to 

pemetrexed compared to HCC-78 cell line (IC50: 0.068±0.013 and 0.0096±0.0009 µM, respectively) 

(Figure 3A). Of note, the sensitivity observed in the HCC-78 cell line was in accordance with 

previously published data (Davies et al., 2013). As for crizotinib, the 2D-growth of both ADK-VR2 

and HCC-78 cell lines was partially inhibited by the drug (IC50: 0.553±0.080 µM and 0.469±0.249 

µM, respectively) (Figure 3B).  

The sensitivity of the cell lines to next-generation ROS1-directed TKIs was then evaluated in 

both 2D and 3D culture settings. Under adherent culture conditions, the growth of ADK-VR2 was 

unaffected by lorlatinb, entrectinib or DS-6051b (IC50 >1 µM, at least), while HCC-78 showed higher 

sensitivity to the drugs (lorlatinib, IC50 <0.01 µM; entrectinib, IC50: 0.2967±0.1182 µM; DS-6051b, 

IC50: 0.4309±0.2459 µM) (Figure 3C). In contrast, in the 3D culture setting, ADK-VR2 sensitivity 

to the drugs was enhanced, as not only its colony formation ability showed increased inhibition in 

presence of crizotinib and entrectinib as compared to HCC-78 cell line, but cell growth was also 

almost completely inhibited by lorlatinib and DS-6051b, which resulted to be more effective than 

crizotinib (p<0.05 by unpaired t-test with Welchôs correction) (Figure 3D). Lorlatinib was also more 

effective in reducing ADK-VR2 sphere formation ability (IC50: 0.0003±0.0001 µM), as compared to 

DS-6051b (IC50: 0.0013±0.0000 µM), crizotinib (IC50: 0.0040±0.0003 µM) and entrectinib (IC50: 

0.023±0.005 µM) (IC50 comparison by Studentôs t-test: lorlatinib vs crizotinib and DS-6051b vs 
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crizotinib, p<0.01; lorlatinib vs DS-6051b and entrectinib, p<0.05; DS-6051b vs entrectinib, p<0.05). 

(Figure 3E).  

 

Figure 3. In vitro  drug sensitivity of ADK-VR2 and HCC-78. (A) ADK-VR2 and HCC-78 sensitivity to pemetrexed 

in 2D culture conditions (n=2). *, p<0.05 by Studentôs t-test. Each point represents mean and SEM. (B) ADK-VR2 (n=8) 

and HCC-78 (n=4) sensitivity to crizotinib in 2D culture conditions. **, p<0.01 by Studentôs t-test. Each point represents 

mean and SEM. (C) ADK-VR2 sensitivity to lorlatinib (n=4), DS-6051b (n=3) and entrectinib (n=2) in 2D culture 
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conditions; HCC-78 sensitivity to lorlatinib (n=2), DS-6051b (n=2) and entrectinib (n=3) in 2D culture conditions. Each 

point represents mean and SEM. (D) Soft agar 3D-growth in the presence of crizotinib 0.01 µM (HCC-78, n=4; ADK-

VR2, n=6), lorlatinib 0.01 µM (HCC-78, n=2; ADK-VR2, n=4), entrectinib 0.01 µM (HCC-78, n=2; ADK-VR2, n=2) 

and DS-6051b 0.01 µM (HCC-78, n=2; ADK-VR2, n=2). *, p<0.05 and ***, p<0.001 by Studentôs t-test. Each bar 

represents mean and SEM. (E) ADK-VR2 sphere formation ability in presence of crizotinib, lorlatinib, DS-6051b and 

entrectinib (n=2). Each point represents mean and SEM. SEM: standard error of the mean. 

In summary, ADK-VR2 cell line was partially inhibited by crizotinib, but was unaffected by 

other TKIs such as lorlatinib, entrectinib and DS-6051b, in 2D culture conditions. The activity of 

these TKIs dramatically changed under 3D culture settings, as in these conditions ADK-VR2 was 

almost totally inhibited by lorlatinib and DS-6051b. 

2.1.3 ADK-VR2 tumorigenic and metastatic ability and in vivo sensitivity to crizotinib 

In order to assess the tumorigenic potential of ADK-VR2 in vivo, the cell line was 

subcutaneously (s.c.) injected in immunodeficient mice and the resulting tumors were phenotypically 

characterized. The mice-derived tumors exhibited features that closely resembled the ones of the 

primary patientôs tumor sample, particularly in terms of H&E staining and TTF1 expression (Figure 

4A,B).  

The metastatic potential of the cell line was also evaluated by intravenous (i.v.) injection into 

immunodeficient mice. ADK-VR2 cell line demonstrated a high capacity for experimental metastasis, 

inducing a significant burden of lung metastases (Figure 4C,D).    

Following the assessment of in vivo cell growth, we also tested the sensitivity of ADK-VR2 

to crizotinib in vivo. Surprisingly, crizotinib significantly inhibited tumor growth as compared to the 

control group, although it did not completely eradicate the tumor (starting from the 68th day after cell 

injection, p<0.01 at least, by two-way ANOVA test and Bonferroni's post-test) (Figure 4E). A slight 

reduction in spontaneous lung metastatic burden, determined by detecting human cells in the mice's 

lungs via Real-time PCR (RT-PCR), was also observed in the crizotinib-treated group as compared 

to the untreated one (Figure 4F).  
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Figure 4. ADK-VR2 in vivo growth and sensitivity to crizotinib. (A,B) Phenotypic characterization of a representative 

tumor induced by subcutaneous (s.c.) injection of ADK-VR2 cells in immunocompromised mice. (A) H&E staining. ×20 

magnification (B) TTF1 staining. ×20 magnification. (C) Representative pictures of lung metastases of 

immunosuppressed mice receiving an intrvenous (i.v.) injection of ADK-VR2 cells. Arrows indicate some metastatic 

nodules. (D) Lung metastatic burden of immunosuppressed mice receiving i.v. injection of ADK-VR2 cells, quantified 

by RT-PCR. A negative control consisting of only mouse cells was included in each PCR (0% of human cells). Horizontal 

line represents the median. (E) Tumor growth of ADK-VR2 cells s.c. injected in immunosuppressed mice treated with 

crizotinib (n=4), or not treated (n=5). Two-way ANOVA was used to compare the groups (interaction, p<0.001; treatment, 
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p<0.01). Starting from 68th day after cell injection: **, p<0.01 at least, by Bonferroni's post-test (comparison between 

group means). Each point represents mean and SEM. (F) Lung metastatic load of mice groups described in (E), quantified 

by RT-PCR. Horizontal line represents the median. H&E: hematoxylin and eosin; RT-PCR: real time-polymerase chain 

reaction; SEM: standard error of the mean. 

In summary, ADK-VR2 cell line demonstrated strong tumorigenic and metastatic capabilities 

when injected into immunosuppressed mice. Additionally, consistently with in vitro findings, the 

growth of ADK-VR2-derived tumors was heavily inhibited by crizotinib.  

2.1.4 In vitro selection of an ADK-VR2 crizotinib-resistant variant 

Given the discrepancy between ADK-VR2 response to crizotinib treatment and the clinical 

response observed in the patient, we isolated a crizotinib-resistant cell line clone from ADK-VR2 

cells cultured in the presence of crizotinib under 3D conditions (namely, AG143 clone). Of note, 

according to the Oncomine panel, ADK-VR2 AG143 did not acquire any additional genetic 

alterations and retained the same ROS1 rearrangement observed in the parental cell line. As expected, 

ADK-VR2 AG143 clone showed a significantly lower sensitivity to crizotinib as compared to the 

parental cell line in 2D culture setting (IC50 >1.5 µM) (Figure 5A).  

As for next-generation ROS1 inhibitors, ADK-VR2 AG143 did not show any 2D-response to 

lorlatinib, entrectinib and DS-6051b, similarly to what had been observed in the parental cell line 

(Figure 5B).  

Under 3D culture conditions, ADK-VR2 AG143 clone exhibited reduced inhibition of colony 

formation ability by crizotinib and DS-6051b, while maintaining similar sensitivity to lorlatinib and 

entrectinib, as compared to ADK-VR2 (Figure 5C). Notably, lorlatinib and DS-6051b were more 

effective than crizotinib in inhibiting the 3D-growth of ADK-VR2 AG143 (Figure 5C).  

Interestingly, the clone exhibited a reduced capacity for sphere formation under anchorage-

independent culture conditions as compared to the parental cell line (ADK-VR2 AG143, number of 

spheres 95±7, n=4; ADK-VR2, number of spheres 164±7, n=4; p<0.001, by Studentôs t-test). 

Furthermore, treatment with ROS1-directed TKIs was less effective at inhibiting the sphere formation 

of the clone compared to ADK-VR2 cell line (Figure 5D). Nonetheless, similarly to the previous 

observations in the parental cell line, lorlatinib (IC50: 0.003±0.001 µM) was more potent than 

crizotinib (IC50: 0.024±0.010 µM), entrectinib (IC50: 0.059±0.011 µM) and DS-6051b (IC50: 

0.106±0.011 µM) in reducing the number of spheres formed by ADK-VR2 AG143 cells (lorlatinib 

vs entrectinib and DS-6051b, and crizotinib vs DS-6051b, p<0.05 by Studentôs t-test) (Figure 5D).  
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Figure 5. In vitro  drug response of ADK-VR2 AG143 compared to ADK-VR2. (A) ADK-VR2 (n=8) and ADK-VR2 

AG143 (n=2) sensitivity to crizotinib in 2D culture conditions. *, p<0.05; **, p<0.01 and ***, p<0.001 by Studentôs t-

test. Each point represents mean and SEM. (B) ADK-VR2 AG143 sensitivity to lorlatinib (n=2), DS-6051b (n=2) and 

entrectinib (n=2) in 2D culture conditions. Each point represents mean and SEM. (C) Soft agar 3D-growth of ADK-VR2 

and ADK-VR2 AG143 in the presence of crizotinib 0.01 µM (n=4), lorlatinib 0.01 µM (n=4), entrectinib 0.01 µM (n=2) 
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and DS-6051b 0.01 µM (n=2). ***, p<0.001 and **, p<0.01 by Studentôs t-test. Each bar represents mean and SEM. (D) 

ADK-VR2 AG143 sphere formation ability in the presence of crizotinib, lorlatinib, DS-6051b and entrectinib (n=2). Each 

point represents mean and SEM. (E) Western blotting analysis on ADK-VR2 and ADK-VR2 AG143 cells treated or not 

with crizotinib or lorlatinib (0.5 ɛM or 1 ɛM). Actin was used as housekeeping protein for protein normalization. SEM: 

standard error of the mean. 

To examine the differentially activated signaling pathways determining the response of ADK-

VR2 and ADK-VR2 AG143 to crizotinib and next-generetion ROS1-TKIs and the variations in drug 

sensitivity observed based on cell culture conditions, Western blot analyses were performed on the 

cell lines grown in 2D culture conditions in presence of crizotinib or lorlatinib treatments (Figure 

5E). Crizotinib treatment did not particularly affect HER1 or STAT3 activation in either the ADK-

VR2 or the ADK-VR2 AG143 cell line. In contrast, lorlatinib enhanced HER1 activation in ADK-

VR2 cell line. As for STAT3, interestingly lorlatinib showed an opposite effect in the two cell lines. 

Indeed, while the drug markedly inhibited STAT3 activation in the ADK-VR2 cell line, it 

hyperactivated the protein in the ADK-VR2 AG143 clone. Similarly, the activation of MAPK and 

AKT resulted to be enhanced by lorlatinib in the parental cell line, but it was slightly inhibited or 

unaffected in the clone. Differently, crizotinib strongly reduced MAPK activation in both the cell 

lines (Figure 5E).  

To conclude ADK-VR2 AG143 cell line characterization, we tested its tumorigenicity in vivo 

through s.c. injection in immunosuppressed mice. The in vivo growth of the clone resulted to be 

slower as compared to the one of the parental cell line (starting from 2nd week after cell injection, 

p<0.001 at least, by two-way ANOVA test and Bonferroni's post-test) (Figure 6A). Notably, the 

ADK-VR2 AG143-derived tumors retained the histological and phenotypical features of the patientôs 

tumor sample (Figure 6B).  
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Figure 6. ADK -VR2 AG143 in vivo growth. (A) Comparison of tumor growth of ADK-VR2 and ADK-VR2 AG143 

cells subcutaneously (s.c.) injected in immunosuppressed mice (n=3 for each group). Two-way ANOVA was used to 

compare the groups (interaction, p<0.001; volume: p<0.001). Starting from the 2nd week after cell injection: ***, p<0.001 

by Bonferroni's post-test (comparison between group means). Each point represents mean and SEM. (B) Phenotypic 

characterization of a representative tumor induced by s.c. injection of ADK-VR2 AG143 cells in immunosuppressed 

mice. Left, H&E staining. ×20 magnification. Right, TTF-1 staining. ×20 magnification. H&E: hematoxylin and eosin; 

SEM: standard error of the mean. 

In summary, the crizotinib-resistant ADK-VR2 AG143 clone showed no response to next-

generation ROS1-TKIs under 2D culture conditions, but demonstrated marked sensitivity to lorlatinib 

in a 3D culture setting. Notably, ADK-VR AG143 clone also exhibited a reduced ability to form 

spheres and slower in vivo growth as compared to the parental cell line ADK-VR2.   
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2.2 LIBM -ADK -11, a cell line derived from an osimertinib-resistant NSCLC patient carrying 

an uncommon EGFR mutation 

2.2.1 LIBM -ADK-11 phenotypical characterization and in vitro drug sensitivity 

The LIBM-ADK-11 cell line was derived from the pleural effusion of a NSCLC patient 

carrying a rare EGFR mutation (exon 19, p.Leu747_Pro753delinsSer), who progressed following 

osimertinib-based treatment. 

The phenotypic characterization of the cell line revealed some notable variations in its protein 

expression profile across successive in vitro cell passages. The cytofluorimetric analysis indeed 

initially highlighted the presence of a subpopulation of cells highly expressing the CD44 marker, 

which was, however, progressively lost over in vitro passages (percentage of CD44+ cells, 14th in 

vitro passage: 31%; 43rd in vitro passage: 0%) (Figure 7A). Similarly, an HER3negative cell 

subpopulation was also lost across in vitro passages (Figure 7B). While HER1 expression showed 

no noticeable variations (Figure 7C), HER2, in contrast, exhibited a broad expression profile in the 

FACS histogram of low-passage cells, which subsequently narrowed in successive cell passages, 

indicating a shift towards a more defined HER2 expression pattern (Figure 7D). 
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Figure 7. LIBM -ADK -11 phenotypical characterization over in vitro cell passages. (A) CD24 and CD44 expression 

on different LIBM-ADK-11 in vitro cell passages. (B) HER3 expression on different LIBM-ADK-11 in vitro cell 

passages. Median Fluorescence Intensity (MFI), 14th passage: 15; 23rd passage: 22; 25th passage: 37; 39th passage: 35; 43rd 

passage: 43. (C) HER1 expression on different LIBM-ADK-11 in vitro cell passages. MFI, 14th passage: 49; 20th passage: 

30; 25th passage: 58. (D) HER2 expression on different LIBM-ADK-11 in vitro cell passages. MFI, 14th passage: 31; 20th 

passage: 35; 25th passage: 64. 

Considering these variations in the phenotypic profile of LIBM-ADK-11 during cell culture 

propagation, the sensitivity of LIBM -ADK-11 cell line to multiple EGFR inhibitors was evaluated in 

2D culture conditions, on both low and high-passage cells. Interestingly, the in vitro response of the 

cell line to EGFR-targeted TKIs appeared to be influenced by its passage number. Indeed, while low-

passage LIBM-ADK-11 cells (LP-LIBM -ADK-11, 12th and 15th passages) were resistant to 

osimertinib treatment in 2D-culture conditions (IC50: 7.11±0.59 ɛM), high-passage LIBM-ADK-11 
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cells (HP-LIBM -ADK-11, 36th and 42nd passages) reacquired the sensitivity to the drug (IC50: 

0.09±0.04 ɛM) (Figure 8A).  

A similar difference in cell sensitivity to other EGFR-TKIs, i.e. erlotinib and afatinib, was 

observed between low and high-passage cells (erlotinib, LP-LIBM -ADK-11 IC50: 16.27Ñ4.22 ɛM,  

HP-LIBM -ADK-11 IC50: 0.15±0.07 ɛM; afatinib, LP-LIBM -ADK-11 IC50: 6.35±2.49 ɛM, HP-

LIBM -ADK-11 IC50: 0.01±0.00 ɛM) (Figure 8B,C).   

 

Figure 8. LIBM -ADK -11 2D-sensitivity to EGFR-directed TKIs over in vitro cell passages. Low-passage (LP) and 

high-passage (HP) LIBM -ADK-11 sensitivity to osimertinib (A), erlotinib (B) and afatinib (C) (n=1, each one with 3 

technical replicates). Each bar represents mean and SEM. SEM: standard error of the mean. 

In summary, phenotypical and functional features of the LIBM-ADK-11 cell line, including 

protein expression profiles and in vitro response to EGFR-directed TKIs, were markedly influenced 
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by in vitro cell passage. LP-LIBM -ADK-11 cells, which showed the presence of CD44high and 

HER3negative cell subpopulations, were resistant to EGFR-TKIs in vitro. In contrast, HP-LIBM -ADK-

11 cells, which lost the CD44high and the HER3negative cell subpopulations, regained in vitro sensitivity 

to EGFR-TKIs. 

2.2.2 Investigation of the role of the CD44high LIBM -ADK-11 cell subpopulation in osimertinib 

resistance  

To verify if the CD44high cell subpopulation identified in the LP-LIBM -ADK-11 cell line was 

involved in its resistance to EGFR inhibition in vitro, LP-LIBM -ADK-11 cells were sorted to isolate 

the two CD44high and CD44low cell subpopulations.  

As previously shown, the phenotypic characterization of LP-LIBM -ADK-11 cell line had 

evidenced the presence of cell subpopulations with differential CD44 expression (Figure 7A). 

Specifically, the cell line comprised two distinct cell subpopulations, exhibiting different levels of 

CD44 expression: P2 (CD44high) and P4 (CD44low) (Figure 9A).  

P2-CD44high and P4-CD44low were isolated from the LP-LIBM -ADK-11 cell line using sorting 

and their CD44 expression profile was assessed and compared to the one of the pre-sorted parental 

cell line (Figure 9B).  

 

Figure 9. Isolation of P2-CD44high and P4-CD44low cell subpopulations from the LP-LIBM -ADK -11 cell line 

through cell sorting. (A) Dot plot of LP-LIBM -ADK-11 cells stained for CD44 and CD24 markers showing the gates 

P2 and P4 used to sort the correspondent cell subpopulations. (B) Schematic representation of LP-LIBM -ADK-11 cell 

sorting (left) and percentages of CD44-expressing cells in each cell population before (pre-sorter) and after (P2 and P4) 

the sorter (right, n=2). SEM: standard error of the mean. 

To determine whether the presence of the CD44high subpopulation was responsible for the 

differential sensitivity to EGFR-TKIs in LP-LIBM -ADK-11 and HP-LIBM -ADK-11 cell lines, the 

individual sensitivity of the P2-CD44high and P4-CD44low cells to osimertinib was tested in vitro.  
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As expected, P2-CD44high cells were resistant to osimertinib in 2D-culture conditions (IC50: 

8.413±0.412 µM) (Figure 10A), similarly to what had been previously observed for LP-LIBM -ADK-

11 (Figure 8A). On the contrary, P4-CD44low cells resulted to be as sensitive to osimertinib as HP-

LIBM -ADK-11 cells (IC50: 0.058±0.001 µM) (Figure 8A and Figure 10A). 

In order to explore the molecular mechanisms determining the differential in vitro response 

of the two sorted cell lines to osimertinib, the state of EGFR phosphorylation of P2 and P4 cells was 

evaluated in presence or not of the treatment. Despite the insensitivity of the P2-CD44high sorted cell 

line to osimertinib in vitro, the EGFR-TKI significantly inhibited EGFR phosphorylation in both 

sorted P2-CD44high and P4-CD44low cells as compared to vehicle (p<0.05 by One Sample t test) 

(Figure 10B), suggesting a mechanism of resistance to osimertinib in the P2-CD44high cell line not 

affecting the inhibition of EGFR phosphorylation.  

To confirm the role played by CD44high population in osimertinib resistance, we treated LP-

LIBM -ADK-11 cells with osimertinib in vitro for 3 to 6 days and monitored changes in the CD44 

expression profile over time. The results showed that osimertinib induced a progressive increase in 

CD44 expression on treated cells, with a notable rise observed as early as 72 hours after treatment 

(osimertinib vs vehicle, percentage of CD44high cells: 43% vs 16%) (Figure 10C). After 6 days of 

treatment, this effect resulted in a 4-fold increase in the percentage of the CD44high cells as compared 

to the vehicle (osimertinib vs vehicle, percentage of CD44high cells: 38% vs 9%) (Figure 10C). 

Notably, osimertinib treatment also resulted in a simultaneous, progressive reduction in the CD44low 

cells fraction (osimertinib vs vehicle, percentage of CD44low cells after 6 days: 58% vs 89%) (Figure 

10C). 
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Figure 10. In vitro response of P2-CD44high and P4-CD44low sorted cell lines to osimertinib and osimertinib 

influence on CD44 expression. (A) P2-CD44high and P4-CD44low sensitivity to osimertinib in 2D-culture conditions (n=2 

biological replicatesïA and Bïfor each cell line). (B) Effect of osimertinib treatment (O) on EGFR phosphorylation in 

P2-CD44high and P4-CD44low sorted cells as compared to the vehiche (V) (p<0.05 by One Sample t test, n=2). (C) CD44 

and CD24 expression profiles of LP-LIBM -ADK-11 after 72 or 144 hours of treatment with osimertinib 1 uM or vehicle, 

assessed by cytofluorimetric analysis.  

To sum up, isolation of P2-CD44high and P4-CD44low cell subsets from LP-LIBM -ADK-11 

through cell sorting, followed by their sensitivity testing to osimertinib, confirmed that the CD44high 

cell subpopulation was indeed the source of osimertinib resistance in LP-LIBM -ADK-11. 

Furthermore, osimertinib treatment of LP-LIBM -ADK-11 cells led to a reversal of the ratio between 

CD44high and CD44low cells over time. 

2.2.3 Comparison of the transcriptomic profile of sorted P2 and P4 cells  

To identify molecular biomarkers or genetic pathways associated with resistance to 

osimertinib, the transcriptome of P2 and P4 cell lines was investigated for comparison. The results 

identified 3517 differentially expressed genes between the cell lines (p-adj <0.01 and Log2FC >1 or 

<-1), of which 1983 up-regulated and 1534 down-regulated in the P2 cell line compared to P4 (Figure 

11A). Analyses conducted through the Enrichr platform allowed us to identify the biological 

processes in which the differentially expressed genes were involved (Figure 11B). 
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Figure 11. Transcriptome analysis of sorted P2 and P4 cell lines. (A) Heatmap showing the -Log10 adjusted p-value 

of differentially expressed genes (p-adj <0.01 and -1<Log2FC<1) in P2 and P4 cells. (B) Bubble plot showing the main 

biological processes enriched in up-regulated and down-regulated genes, identified by over representation analysis of 

differentially expressed genes. The size of the dots represents the absolute number of differentially expressed genes. 

According to over representation analysis, up-regulated genes in the P2 cell line were involved 

in several biological processes, including extracellular matrix assembly and remodeling (MFAP4, 

EFEMP2, HAS1, PXDN, HAS2, HAS3, EMILIN1, GAS6, FBLN5, LAMA2, LRP1, LAMB2, PRDM5, 

ZNF469, NID1, AGT, DDR2), hyaluronan biosynthetic process (CEMIP, HAS1, HAS2, HAS3, IL1B), 

activation of MAPK signaling pathway (among the up-regulated genes: CD40, FGF1, FGF2 ROBO1, 

TNFAIP8L3, CCN2, PDGFRA, PDGFRB, IL11, MAP2K1, NRG1, MTURN, IL1B, ROR2, GAS6, 

CD44, NOTCH2) and regulation of Wnt signaling circuit (among the up-regulated genes: GLI3, 

SOX7, SOX9, IGFBP1, IGFBP4, IGFBP6, CAV1, WNT5A, COL1A1, ZEB2, BMP2, SNAI2, FGF10). 

Notably, several genes involved in epithelial-mesenchymal transition (EMT) and cell 

plasticity were also found to be upregulated in the P2 cell line as compared to the P4 one (i.e., SNAI1, 
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SNAI2, SOX9, FGFR1, SMAD3, TWIST1, IL1B, COL1A1). In contrast, genes involved in cell-cell 

adhesion resulted to be down-regulated in P2 cells as compared to P4 (Figure 11B). 

Additionally, transcriptomic analysis also highlighted a significantly increased expression of 

the ERBB3 gene in the P4 cell line as compared to the P2 one (Log2FC: -2.931, p-adj: 1.46E-08). 

These data suggest that the CD44high population observed in the low-passage LIBM-ADK-11 cell 

line, which is lost over in vitro passages, may indeed be an HER3low cell subpopulation, explaining 

the changes in HER3 expression observed in high-passage LIBM-ADK-11 cells (Figure 7A,B).  

Taken together, these findings suggest a distinct difference in key molecular pathways 

between P2 and P4 cell lines, particularly those involved in cell plasticity, extracellular matrix 

remodeling, and growth factor signaling, which may underlie the phenotypic and functional changes 

observed between early and late-passage LIBM-ADK-11 cells.  

 

3. EXPLORING NOVEL THERAPEUTIC STRATEGIES FOR DRUG -

ORPHAN NSCLC MUTATIONS  

Despite significant advancements in targeted therapies for NSCLC, a substantial number of 

driver mutations remain orphaned, lacking effective treatment options (Fois et al., 2021; Friedlaender 

et al., 2024). Among these orphan mutations, BRAF class III mutations are particularly notable, as 

they display impaired or reduced kinase activity and their unique mechanisms of action complicate 

the development of effective targeted therapies (Bracht et al., 2019). Furthermore, the rarity of these 

mutations poses an additional challenge in the pursuit of targeted inhibitors, as limited patient 

populations hinder comprehensive research and clinical trials. The lack of effective therapies for these 

orphan mutations highlights a pressing unmet clinical need in NSCLC treatment, driving continued 

exploration into novel druggable targets.  

In this regard, investigations conducted on the two BRAF class III-mutated NSCLC cell lines 

ADK-14 and PDX-ADK-36, have provided compelling insights, revealing an intriguing sensitivity 

to a drug commonly employed in the clinical management of NSCLC. This finding suggests 

promising avenues for further therapeutic development and underscores the potential for novel 

treatment options targeting these elusive mutations. 

3.1 ADK -14 and PDX-ADK -36: two NSCLC cell lines carrying BRAF class III mutations 

ADK-14 cell line was established from a biopsy of a lymph node metastasis of a patient with 

stage IV NSCLC harboring the BRAF class III  mutation G466V, at progression after first-line 

treatment with pembrolizumab.  
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PDX-ADK-36 cell line was derived from the tumor mass of a PDX established from the lymph 

node metastasis of a stage IVB NSCLC carrying the BRAF class III mutation D594G, at progression 

after chemo-immunotherapy. The patient was treated with erlotinib as a second-line treatment after 

the establishment of both the PDX and PDX-ADK-36 cell line, showing a partial response.  

The investigations described in the following sections, whose results have been in part 

included in the manuscript Di Federico, Angelicola et al., JCO Precision Oncology 2024, were 

inspired by clinical observations suggesting a potential and promising effect of erlotinib treatment in 

NSCLC patients carrying BRAF class III mutations, as described below (Di Federico, Angelicola et 

al., 2024). 

3.1.1 Clinical activity of the EGFR-TKI erlotinib in two patients with BRAF class III-mutated 

NSCLC 

Two patients with stage IV NSCLC harboring a BRAF class III mutation without other 

genomic driver alterations under care at the Medical Oncology Unit of the S. Orsola-Malpighi 

Hospital, received erlotinib after conventional treatments. 

The first patient, a 60-year-old male, former smoker, carrying the BRAFD594N mutation, 

received 4 cycles of chemotherapy as first-line treatment (carboplatin AUC5 day 1 plus gemcitabine 

1000 mg/m2 days 1,8) together with stereotactic radiation therapy for the treatment of a single brain 

metastasis. Given the intrathoracic nodal progression at the first radiographic tumor reassessment 

following chemotherapy initiation, docetaxel (75 mg/m2) was administered as a second-line treatment 

for 10 cycles, resulting in stable disease. Nevertheless, subsequent disease progression was detected 

in a mediastinal lymph node, prompting the initiation of third-line treatment with erlotinib (150 mg 

daily) in July 2011, which led to a complete response (Figure 12A).  

NGS performed on tumor biopsy collected before the initiation of erlotinib treatment 

identified a BRAF class III mutation (D594N) and a CTNNB1 mutation (S37C), but no EGFR 

alterations. The patient is still on erlotinib treatment after 12 years, maintaining a sustained complete 

response throughout.  

The second patient, a 60-year-old female, heavy smoker, carrying the BRAFD594G mutation, 

is the patient from which the PDX-ADK-36 cell line was derived. She received as a first-line 

treatment 3 cycles of chemo-immunotherapy (carboplatin AUC5, pemetrexed 500 mg/m2 and 

pembrolizumab 200 mg every 3 weeks). Based on clinical and radiographic evidence of disease 

progression following the initial treatment, and the favorable response observed in the first patient, a 

second-line therapy with erlotinib (150 mg daily) was started. After one month, the patient 

demonstrated an objective partial response, with a reduction of 40% or more in measurable tumor 

lesions (Figure 12B). Unfortunately, the patient passed away a few days after the tumor reassessment 
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at home, likely due to cardiovascular complications, although the exact cause of death could not be 

determined.  

 

Figure 12. Radiographic evaluation of erlotinib efficacy in two patients with BRAF-class III mutated-NSCLC. (A) 

Computed tomography scans showing the tumor response to erlotinib in the first patient after progressive disease (PD) to 

docetaxel, with documented gradual shrinkage of a prevascular lymph node metastasis over time. (B) Computed 

tomography scans showing tumor response to erlotinib in the second patient, with documented shrinkage of measurable 

disease in right hilar, subcarinal, and right upper paratracheal lymph node metastases. 
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3.1.2 Activity of erlotinib in BRAF class III-mutated NSCLC cell lines 

To validate the above-described clinical findings regarding the efficacy of erlotinib in BRAF 

class III-mutated NSCLC, the in vitro sensitivity of ADK-14 and PDX-ADK-36 to erlotinib was 

tested in both 2D and 3D culture conditions, and it was compared with the drug sensitivity of two 

EGFR-mutated cell lines (HCC827 and PC-9, both carrying the EGFRG746_A750del mutation), used as 

positive controls. Erlotinib sensitivity was also assessed in a BRAF class I-mutated cell line (HCC364, 

carrying a BRAFV600E mutation), a BRAF class II -mutated cell line (NCI-H1395, carrying a 

BRAFG469A) and a KRAS-mutated cell line (ADK-17, carrying a KRASG12V mutation), which were 

meant to act as negative controls.  

In 2D culture conditions, erlotinib partially inhibited the growth of both BRAF class III -

mutated cell lines (ADK-14, IC50: 7.11±0.73 µM; PDX-ADK-36, IC50: 6.33±2.13 µM) (Figure 13A).  

As expected, erlotinib efficiently inhibited the growth of the two EGFR-mutated cell lines at 

lower doses (HCC827, IC50: 0.06±0.005 µM; PC-9, IC50: 0.04±0.004 µM), while no effect on the 

growth of the BRAF class I- and KRAS-mutated cell lines was observed (HCC364 and ADK-17, IC50 

>25 µM) (Figure 13A). As for the BRAF class II -mutated cell line, erlotinib inhibited its growth at 

doses similar to those inhibiting BRAF class III -mutated cell lines (NCI-H1395, IC50: 5.51±1.60 µM) 

(Figure 13A).  

The efficacy of erlotinib was then tested under 3D culture conditions. Consistently with the 

results observed in the 2D culture setting, erlotinib partially or completely reduced the colony 

formation ability of the two BRAF class III -mutated cell lines ADK-14 (IC50: 1.14±0.26 µM) and 

PDX-ADK-36 (IC50: 0.23±0.04 µM), the two EGFR-mutated cell lines (HCC827, IC50 <0.01 µM; 

PC-9, IC50: 0.03±0.02 µM) and the BRAF class II -mutated cell line (NCI-H1395, IC50: 0.05±0.02 

µM) in 3D-soft agar assay (Figure 13B). In contrast, erlotinib efficacy was markedly reduced in the 

BRAF class I- and KRAS-mutated cell lines (HCC364, IC50: 5.81±0.12 µM; ADK-17, IC50 >10 µM) 

(Figure 13B). 

Erlotinib exerted a similar efficacy in sphere formation assays. The strongest effect in 

inhibiting cellsô sphere formation ability was observed in EGFR-mutated cells (HCC827, IC50: <0.01 

µM; PC-9, IC50: 0.05±0.01 µM) (Figure 13C). A certain inhibitory ability was also observed in BRAF 

class III-mutated cells (ADK-14, IC50: 0.34±0.04 µM; PDX-ADK-36, IC50: 0.11±0.02 µM) and 

BRAF class II -mutated cells (NCI-H1395, IC50: 4.75±1.63 µM), while a notably weaker effect was 

observed in BRAF class I- and KRAS-mutated cell lines (HCC364, IC50: 12.67±0.86 µM; ADK-17, 

IC50: 9.34±0.46 µM) (Figure 13C).  

In order to explain the sensitivity of BRAF class III-mutated cell lines to EGFR inhibition, 

EGFR activation state was assessed through Western blot analyses in all seven cell lines, before and 
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after erlotinib treatment. In basal conditions, 30 hours after cell seeding, a strong activation of EGFR 

was detected in the BRAF class III-mutated cell lines (ADK-14 and PDX-ADK-36) and in the EGFR-

mutated ones (HCC827 and PC-9), but not in BRAF class I- (HCC364), BRAF class II - (NCI-H1395) 

and KRAS-mutated (ADK-17) cell lines (Figure 13D). After erlotinib treatment, the ratio between 

the phosphorylated form of EGFR and total EGFR (pEGFR/EGFR ratio) resulted to be significantly 

reduced in the BRAF class III-mutated cells (ADK-14 and PDX-ADK-36) and in the EGFR-mutated 

cell lines (HCC827 and PC-9) as compared to the vehicle (p<0.05, by Studentôs t-test) (Figure 13E). 

No changes in EGFR activation state were observed in the remaining cell lines (ADK-17, HCC364 

and NCI-H1395) following erlotinib treatment (Figure 13E).  

 

Figure 13. Comparative in vitro response of BRAF-, EGFR- and KRAS- mutated cell lines to erlotinib and their 

baseline EGFR activation. (A) Effect of different doses of erlotinib on cell 2D-growth (n=2-5 experiments, each one 

with three replicates). Each bar represents mean and SEM. (B) Effect of different doses of erlotinib on cell colony 

formation ability in 3D-soft agar assay (n=2-4 replicates). Each bar represents mean and SEM. (C) Effect of different 

doses of erlotinib on sphere formation ability (n=2-4 replicates). Each bar represents mean and SEM. (D) Western blots 

showing baseline EGFR activation, evaluated 30 hours after cell seeding (n=2 replicates for each cell line). (E) Effect of 

erlotinib administration on EGFR phosphorylation, measured as pEGFR/EGFR ratio. *, p<0.05 vs vehicle, by Studentôs 

t-test (n=2-4 replicates). SEM: standard error of the mean. 

In summary, we can state that the previously described clinical efficacy of erlotinib on BRAF 

class III-mutated NSCLC was corroborated by in vitro results, as the EGFR-TKI effectively inhibited 

the growth of the BRAF class III-mutated ADK-14 and PDX-ADK-36 cell lines, in both 2D and 3D 
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cell culture settings. Notably, the BRAF class II-mutated NCI-H1395 cell line also exhibited a certain 

sensitivity to the drug, despite its low basal activation of EGFR and the absence of variations in the 

pEGFR/EGFR ratio following erlotinib treatment, which, on the contrary, was observed in EGFR- 

and BRAF class III -mutated cell lines.  

3.1.3 Activity of other EGFR and non-EGFRīdirected inhibitors in BRAF class III-mutated 

NSCLC cell lines 

Given the demonstrated efficacy of erlotinib on BRAF class III-mutated cell lines, we explored 

whether the sensitivity of these cells could be also extended to next-generation TKIs or to other 

EGFR-targeting drugs. To this end, we evaluated the effectiveness of second-generation EGFR TKIs 

(afatinib and dacomitinib), the third-generation EGFR TKI osimertinib, and the EGFR-directed 

monoclonal antibody cetuximab, within a 2D culture setting.  

Similarly to the previously observed erlotinib-related results, afatinib and dacomitinib 

partially inhibited the 2D-growth of the BRAF class III-mutated cell lines, showing a stronger effect 

on the PDX-ADK-36 cell line (afatinib, ADK-14, IC50: 8.242±1.151 µM; PDX-ADK-36, IC50: 

1.439±0.227 µM; dacomitinib, ADK-14, IC50: 12.92±0.43 µM; PDX-ADK-36, IC50: 2.013±0.244 

µM) (Figure 14A,B). As expected, the drugs exerted no effect on the growth of the KRAS-mutated 

cell line (ADK.17, afatinib, IC50 >100 µM; dacomitinib, IC50 >30 µM) (Figure 14A,B). Of note, 

afatinib also partially inhibited the 2D-growth of the BRAF class I-mutated cell line (HCC364, IC50: 

7.705±1.646 µM), while strongly inhibiting the growth of the EGFR-mutated ones, as expected (PC-

9 and HCC827, IC50: <0.008 µM) (Figure 14A).  

The sensitivity of the BRAF class III-mutated cell lines to osimertinib, which is the current 

standard of care for NSCLC patients with EGFR mutations, and cetuximab was also assessed and 

compared to that of cell lines harboring other classes of BRAF mutations, as well as those with EGFR 

or KRAS mutations, which served as positive and negative controls, respectively.  

Osimertinib inhibited the growth of BRAF class III- (ADK-14, IC50: 7.17±2.20 µM; PDX-

ADK-36, IC50: 1.61±0.32 µM) and BRAF class II- (NCI-H1395, IC50: 1.63±0.58 µM) mutated cell 

lines, in line with previous data, as well as EGFR-mutated cells (HCC827, IC50 <0.01 µM; PC-9, 

IC50: 0.04±0.02 µM) (Figure 14C). Again, no effect was observed on the BRAF class I-mutated cell 

line (HCC364, IC50 >18 µM) and on the KRAS-mutated one (ADK-17: IC50 >100 µM) (Figure 14C). 

As for the EGFR-directed monoclonal antibody cetuximab, it did not have a significant effect on any 

of the cell lines, except for the EGFR-mutated HCC827 line (HCC827, IC50: 0.252±0.023 µM; other 

cell lines, IC50 >100 µM) (Figure 14D).  
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Figure 14. Comparative in vitro response of BRAF-, EGFR- or KRAS- mutated cell lines to EGFR-directed agents 

in 2D culture conditions. (A) Cell sensitivity to afatinib (n=2, each one with 3 technical replicates). Each point represents 

mean and SEM. (B) Cell sensitivity to dacomitinib (n=2 experiments, each one with three replicates). Each point 

represents mean and SEM. (C) Cell sensitivity to osimertinib (n=2-6 experiments, each one with three replicates). Each 

point represents mean and SEM. (D) Cell sensitivity to cetuximab (n=2-3 experiments, each one with three replicates). 

Each point represents mean and SEM. SEM: standard error of the mean.  

To confirm the data regarding the sensitivity of the BRAF class III-mutated cell lines to EGFR 

inhibition, we also tested the sensitivity of ADK-14 and PDX-ADK-36 to an intermediate-generation 

EGFR inhibitor (i.e., dacomitinib) in 3D culture conditions. In 3D soft-agar assay, dacomitinib 

efficiently inhibited PDX-ADK-36 colony formation, in accordance with the results obtained in 2D 

culture setting (IC50: 0.05±0.028 µM) (Figure 15A). The drug also showed a partial inhibitory effect 

on ADK-14 and ADK-17 cell lines (ADK-14, IC50: 1.838±0.079 µM; ADK-17, IC50: 1.205±0.315 

µM) (Figure 15A).  
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Differently, in sphere formation assay, dacomitinib significantly inhibited the sphere 

formation ability of both ADK-14 and PDX-ADK-36, while showing no effect on ADK-17 cells 

(Figure 15B).  

 

Figure 15. Comparative response of ADK-14, PDX-ADK -36, and ADK-17 cell lines to dacomitinib in 3D culture 

conditions. (A) Soft agar 3D-growth in the presence of dacomitinib 0.01, 0.1 or 1 µM (n=1-3 experiments, each one with 

two replicates). Each point represents mean and SEM. (B) Sphere formation ability in presence of dacomitinib 0.1 or 1 

µM (n=1-3 experiments, each one with two replicates). *, p<0.05; **, p<0.01 and ***, p<0.001 by One sample t test 

(each group vs theoretical mean of 100). Each bar represents mean and SEM. SEM: standard error of the mean. 

Considering the favorable response of the BRAF class III-mutated cell lines to EGFR 

targeting, we investigated whether simultaneous targeting of both EGFR and MEK, through the 

combination of erlotinib and trametinib, could confer a therapeutic advantage over the individual 

treatments. Trametinib has been reported to be particularly effective in BRAF class I-mutated NSCLC 

in combination with BRAF inhibitors, but not on BRAF class III-mutated tumors (Nebhan et al., 

2021). Accordingly, the drug did not exert any strong effect on the 2D-growth of both the BRAF class 

III -mutated cell lines (ADK-14, IC50: 10.984±1.851 µM; PDX-ADK-36, IC50: 3.807±1.673 µM), nor 

on ADK-17 cell growth (IC50 >70µM) (Figure 16A).  

Interestingly, the 2D-growth inhibition of BRAF class III-mutated cells was significantly 

enhanced by combining erlotinib with trametinib, compared to their use as single agents (p<0.05 at 
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least, by Studentôs t-test) (Figure 16B). This synergic activity was not observed in the KRAS-mutated 

cell line (Figure 16B).  

 

Figure 16. Comparative in vitro response of ADK-14, PDX-ADK -36, and ADK-17 cell lines to trametinib alone or 

in combination with erlotinib . (A) Cell sensitivity to trametinib in 2D culture conditions (n=2-6 experiments, each one 

with three replicates). Each point represents mean and SEM. (B) Cell sensitivity to single or combined treatment with 

trametinib and/or erlotinib 0.1 or 1 µM in 2D culture conditions (n=2-3). *, p<0.05; **, p<0.01; ***, p<0.001; **** 

p<0.0001, by unpaired t test. Each bar represents mean and SEM. E1: erlotinib 1 ɛM; T0.1: trametinib 0.1 ɛM. SEM: 

standard error of the mean. 

To sum up, the sensitivity of BRAF class III-mutated cell lines to EGFR inhibition was further 

confirmed through drug sensitivity assays involving second- and third-generation EGFR-TKIs, i.e. 

afatinib, dacomitinib and osimertinib. ADK-14 and PDX-ADK-36 cell growth was efficiently 

inhibited by these EGFR-targeting agents in either 2D or 3D cell culture conditions. In contrast, the 

KRAS-mutated ADK-17 cell line showed no response to the drugs. Interestingly, the BRAF class II-

mutated cell line, NCI-H1395, also exhibited sensitivity to osimertinib in vitro. Notably, the 2D 

growth of BRAF class III-mutated cell lines was not particularly inhibited by the MEK-TKI 

trametinib, but this effect was significantly enhanced when combined with erlotinib, resulting in a 

greater inhibition of cell growth compared to either treatment alone.  

In closing, to further validate our findings regarding the sensitivity of BRAF class III-mutated 

NSCLC to EGFR-TKIs, we consulted the Cancer Cell Line Encyclopedia (Broad, 2019) via 

cBioPortal (www.cbioportal.org) for NSCLC cell lines harboring BRAF class III  mutations (Cerami 

et al., 2012; J. Gao et al., 2013; Ghandi et al., 2019). The database provided information and treatment 

data about two BRAF class III-mutated NSCLC cell lines, carrying the same mutation identified in 

the ADK-14 cell line (G466V), without additional oncogenic alterations. These data were compared 

to the ones regarding NSCLC cell lines carrying other driver mutations classified as ñoncogenicò or 

ñlikely oncogenicò by OncoKB (https://www.oncokb.org), including BRAF class II (n=5), EGFR 

http://www.cbioportal.org/
https://www.oncokb.org/
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(n=5) and KRAS (n=36) alterations. Of note, cell lines carrying a EGFRT790M co-mutation were 

excluded, given their well-known lack of sensitivity to EGFR-TKIs and, among EGFR mutations, 

only exon 19 deletions or L858R alterations were included in the research. We queried data regarding 

the in vitro sensitivity of the selected cell lines to several drugs, including EGFR-TKIs of first- 

(gefitinib) and second- (afatinib) generation, a MEK-TKI (trametinib), a BRAF inhibitor 

(dabrafenib), a multi-TKI (cabozantinib) and a chemotherapy drug (doxorubicin) (Figure 17).  

 

Figure 17. Activity of multiple therapeutic agents on NSCLC cell lines carrying BRAF class III, BRAF class II, 

EGFR, or KRAS driver mutations, as reported by the data collected in the Cell Line Encyclopedia. (A) Activity, 

expressed as median IC50, of the EGFR inhibitors gefitinib (A) and afatinib (B), the MEK inhibitor trametinib (C), the 

BRAF inhibitor dabrafenib (D), the multi-TKI cabozantinib (E) and doxorubicin (F). 

Of note, the four groups of oncogene-addicted cell lines showed statistically significant 

differences in drug sensitivity only when treated with the EGFR-TKIs gefitinib (p=0.02) and afatinib 

(p=0.02), which resulted to be more effective in BRAF class III  and EGFR-mutated cell lines as 

compared to BRAF class II  and KRAS-mutated cells (Figure 17A,B). Specifically, the group of BRAF 

class III-mutated cell lines showed a median IC50 of 0.51 µM (range: 0.26-0.77) and 0.52 µM (range: 

0.06-0.97) when treated with gefitinib and afatinib, respectively. These values were significantly 

lower than the median IC50 of the BRAF class II-mutated group (gefitinib: 6.9 µM, p=0.03; afatinib: 

8.06 µM, p=0.008) and the KRAS-mutated one (gefitinib: 5.17 µM, p=0.04; afatinib: 4.21 µM, 

p=0.06), but comparable to the median IC50 of the EGFR-mutated group (gefitinib: 0.23 µM, p=0.67; 

afatinib: 0.11 µM, p=0.52) (Figure 17A,B). Treatment with other agents did not show any significant 

difference in cell sensitivity across the oncogene-addicted groups (Figure 17C-F).  



                               Results 

96 
 

Overall, the data provided by Cancer Cell Line Encyclopedia aligned with our findings, 

confirming the increased sensitivity of BRAF class III-mutated NSCLC cell lines to EGFR-targeting 

TKIs.   

 

4. INVESTIGATING THE MECHANISMS UNDERLYING RESISTANCE TO 

ICIs IN NSCLC THROUGH PRECLINICAL MODELS OF 

IMMUNOTHERAPY RESISTANCE  

Despite the significant breakthroughs that immunotherapy has brought to the treatment of NSCLC, a 

subset of patients continues to experience paradoxical and detrimental responses to these therapies 

(Okwundu et al., 2021). Currently, the lack of reliable predictive biomarkers hampers the early 

identification of these patients, presenting a substantial challenge in clinical practice (Bai et al., 2020). 

Moreover, the underlying mechanisms driving these paradoxical responses remain largely unexplored 

and poorly understood. Gaining insights into these mechanisms is essential for refining patient 

selection and optimizing the efficacy of immunotherapy in NSCLC. 

In this context, the availability of two cell line models, ADK-17 and ADK-18, established 

from tumor samples of the same patient, one prior to the initiation of treatment and the other following 

the development of hyperprogression after ICI therapy, provides a valuable platform for investigating 

tumor behavior and resistance mechanisms. To further support this investigation, the establishment 

of a preclinical in vivo model of resistance to ICIs in syngeneic immunocompetent mice 

complemented the cellular line models, providing a more comprehensive framework for 

understanding resistance mechanisms to immunotherapy.  

These models, along with the results obtained, are presented in the following sections. Some 

of the data described below were also included in the manuscript Angelicola et al., Journal of 

Translational Medicine, 2025 (Angelicola et al., 2025). 

4.1 ADK-17 and ADK-18, two cell lines derived from samples of an immunotherapy-resistant 

patient at baseline and after hyperprogression development 

4.1.1 Clinical history and molecular data of the patient 

The patient from which the cell lines were established was a 64-year-old woman, former light 

smoker (10 pack-year) diagnosed with stage IVA NSCLC (time of diagnosis: Tdx). As first-line 

treatment, the patient received 5 cycles of pembrolizumab (Figure 18A). However, at the first 

radiological assessment via computed tomography, signs of hyperprogressive disease (HPD) were 

observed, with metastatic spread to soft tissues, thoracic wall, as well as abdominal and thoracic 

lymph nodes (time of hyperprogression: Thy) (Figure 18B). Second-line treatment with 
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pembrolizumab, carboplatin, and pemetrexed was administered, but no clinical improvement was 

observed. A third-line therapy with docetaxel was initiated, also without clinical benefit, and the 

patient ultimately died from further progression of the tumor (Figure 18A).   

Tumor cells derived from pleural effusion at the time of diagnosis (Tdx) were positive for PD-

L1 (TPS: 70%) and CD44 (31% of tumor cells were 2+ positive) (Figure 18C). A KRASG12V 

mutation was detected in the tumor sample obtained at Tdx through NGS analysis. A second sample, 

collected before treatment (time of baseline: Tb), from pleural effusion and parietal pleura, was also 

analyzed. In this second sample CD44 expression was absent in tumor cells and found only in stromal 

components, while PD-L1 TPS remained at 70% (Figure 18C). Additionally, tumor cells at both Tdx 

and Tb points were positive for TTF-1 and Ber-EP4 (data not shown). At the time of hyperprogression 

evidence (Thy), tumor cells collected from a subcutaneous biopsy showed positivity for the 

expression of TTF-1 and Ber-EP4 (data not shown), PD-L1 (TPS: 65%) and CD44 (58% of tumor 

cells were 2+ positive) (Figure 18C).  
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Figure 18. Patientôs clinical history and tumor features before and after ICI treatment. Time points, Tdx: time of 

the diagnosis; Tb: time of baseline; Thy: time of hyperprogression. (A) Timeline of patientôs clinical history and 

therapeutic schedule. (B) Imaging findings at the time of diagnosis (Tdx) (i.īiv.) and of progression to immunotherapy 
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(Thy) (v.īviii.). Small right paratracheal lymph node (i.) progressed on immunotherapy (v., red arrow). Left pleural 

effusion (ii.) and left pleurodesis signs associated with the appearance of subcutaneous metastatic site (vi., red arrow). 

Left pleural effusion (iii. ) and left pleurodesis signs associated with the appearance of a metastatic site at the left thoracic 

wall (vii. , red arrow). Small right paraortic lymph node (iv.) progressed on immunotherapy (viii. , red arrow). (C) 

Hematoxylin and eosin staining (H&E) and CD44 and PD-L1 immunohistochemical staining of tumor samples. Tdx: 

pleural effusion; Tb: pleural biopsy; Thy: subcutaneous lesion. Left:  H&E, black line from top to bottom: 313.30 µm, 

204.97 µm and 92.60 µm; middle: membrane CD44 expression on neoplastic cells, black line from top to bottom: 313.30 

µm, 120.01 µm, 80.01 µm; right:  PD-L1 expression on tumor cells by double stain for PD-L1 and CD68 (PD-L1: brown, 

CD68: red), black line from top to bottom: 139.24 µm, 300 µm and 61.73 µm. HPD: hyperprogressive disease. 

4.1.2 Establishment and characterization of ADK-17 and ADK-18 cell lines 

ADK-17 and ADK-18 cell lines were established from tumor samples collected at two time 

points: prior to the initiation of ICI therapy (Tb) and at the time of radiological evidence of HPD 

during ICI treatment (Thy), respectively. The KRASG12V mutation, previously detected in the tumor 

at the Tdx point, was also confirmed in both cell lines through Real-Time PCR and Whole 

Transcriptome Sequencing (data not shown).  

Under adherent culture conditions, the cell lines exhibited distinct morphology and behavior: 

while ADK-17 formed a compact, homogeneous monolayer of polygonal cells, ADK-18 displayed a 

less organized, stratified cell layer (Figure 19A). Additionally, ADK-18 cells demonstrated the 

ability to form organoids, a capability that, on the contrary, was not observed in the ADK-17 cell line 

(Figure 19B). Notably, the organoids exhibited positive expressions of CD44 and Ki-67 (Figure 

19C).  
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Figure 19. Morphological, phenotypical and functional characterization of ADK-17 and ADK-18 cell lines. (A) 

Morphology of ADK-17 and ADK-18 cells cultured under 2D conditions, observed through an inverted microscope. 

White line corresponds to 100 µm. (B) Structures observed two weeks after the seeding of ADK-17 and ADK-18 cells in 

Matrigel with appropriate organoid medium. White line corresponds to 100 µm. (C) Immunostaining of an organoid 

derived from ADK-18 cell line performed using Hoechst 33342 (blue) together with anti-Ki -67 (red) and anti-CD44 

(yellow) antibodies. White line corresponds to 20 µm. Leica TCS SP8 Microscope, HC PL APO CS2 40x/1.30 OIL 

optical zoom 2.5x (left) or 2x (right). 

Based on these observations, the growth capacity of the cell lines was assessed for 

comparison, both in vitro and in vivo. Overall, the ADK-18 cell line exhibited enhanced growth 

capacity under all evaluated conditions, showing a significantly higher 2D and 3D-soft-agar 
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clonogenicity, sphere-forming ability and 2D-growth capacity compared to ADK-17 cells (Table 2). 

In accordance, ADK-18 also showed a significant decrease of cells in the G1 phase of the cell cycle 

compared to ADK-17. Additionally, the PDX established from the tumor biopsy at the Thy point 

(ADK-18 tumor) demonstrated significant faster growth compared to the PDX derived from the tumor 

sample at the Tb point (ADK-17 tumor) (Figure 1 and Table 2).  

 

  
ADK -17 ADK -18 p-value 

2D-growth 

(cell population doublingsī168 hours) 
2.92±0.04  4.01±0.16 < 0.01 

2D-clonogenicity 

(%) 
1±1% 29±1% < 0.001 

3D-soft-agar clonogenicity 

(%) 
0.15±0.05% 18.15±0.50% < 0.001 

Sphere formation ability 

(number of spheres) 
51±2 82±5 < 0.05 

Cells in the G1 phase of the cell cycle  

(%) 
63±3% 47±2% < 0.01 

PDX tumor growth rate  

(doubling timeïweeks) 
1.430±0.154 0.562±0.104 < 0.05 

Table 2. Growth-related features of ADK-17 and ADK-18 cell lines or tumors. Statistical analysis: Studentôs t-test (n=2-3). 

In parallel, a transcriptomic analysis on the cell lines was performed to identify key gene 

expression differences between the cell models. Notably, the analysis revealed significant differences 

between ADK-17 and ADK-18 cells (PC1: 96% variance), evidencing 3525 genes differentially 

expressed between the two cell lines (p-adj <0.01 and Log2FC >1 or <-1), of which 1732 up-regulated 

and 1793 down-regulated in the ADK-18 cell line as compared to ADK-17 (Figure 20A).  

Over-representation analysis indicated that up-regulated genes were associated with a wide 

range of biological processes (GO terms BP). Notably, the top 20 GO terms BP revealed enrichment 

in pathways related to various cell types and tissues, including neural, epithelial, bone, muscle, and 

connective tissues, suggesting a less differentiated phenotype in the ADK-18 cell line as compared to 

ADK-17 (Figure 20B-i.). Conversely, down-regulated genes in the ADK-18 cell line were linked to 

the differentiation status of epithelial cells, supporting evidence of a partial EMT in these cells 
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(Figure 20B-ii.). Up-regulated genes were enriched in molecular functions (GO terms MF), including 

channel activity, ion transport, insulin-like growth factor binding, growth factor activity, and binding 

to carbohydrates and glycosaminoglycan (Figure 20B-iii. ), while down-regulated genes were 

enriched in molecular functions associated with cell-cell interactions and cytoskeletal binding, 

including actin filaments, laminin binding and DNA binding (Figure 20B-iv.). Interestingly, GSEA 

analysis identified clusters of genes associated with plasticity, the WNT pathway, and the cell cycle, 

which were predominantly upregulated in the ADK-18 cell line (Figure 20C).  

 

Figure 20. Transcriptome analysis of ADK-18 vs ADK -17 cell lines. (A) Heatmap showing the z-score of normalized 

expression values (RLOG) of differentially expressed genes (DEG, p-adj <0.01 and Log2FC >1 or <-1) in ADK-18 vs 
























































































































































