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Abstract






Lung cancelis the first cause of cancer death worldwatel has been recently declared the
most common tumor in the worllon-small cell lung cancer (NSCLC) accounts for&B46 of all
lung cancers and it isinfortunately characterized bypoor prognosis and late diagnosighe
introduction of tyrosine kinase inhibitorgTKIs) specifically targetingoncogenic mutations
including EGFR BRAF, ALK and ROS1 in clinical practice has redefined treatment options for
oncogendariven NSCLC On the other handhé use of immune checkpoint inhibitors (ICIs) has
provided an important breakthrough in the treatment of patients with unknown or undruggable
oncogendlriven tumors However, the emergence of therapeutic resistance remains a critical
challenge. Tumor heterogeneity and the presence of resigtaatal subclonal populations often
lead to disease progression despite initial responses to TKIs or IClIs. Additionally, certain nmiutations
like BRAFclass Ill and other "orphan mutationate currently lacking effective targeted therapies,
leaving patients with these mutations underserved by available treatment options.

The aim of this PhD project was to investigite mechanisms of resistance to tierent
therapeutic approaches, identify prognostic markers of response to therapy ane eap&r
therapeutic strategies for the treatment of NS®idirectly analyzing tumors from therapgsistant
patients To achieve these goals, we established a drimary cell cultures and patiederived
xenografts (PDXs) fronlumor specimens of patiemsceiving TKF or ICI-based therapiesyhose
disease progressed duringdtment

Within this pane| which includedcases with rareclinical and molecular features,we
concentrated our investigations specific cell modelseach offering unique insights into critical
aspects of NSCLC resistancEirst, these models enabled us to explore the role of tumor
heterogeneity in TKI resistantyy characterizinghe ROSZtrearrangedADK-VR2 cell line and the
EGFRmutated LIBMADK-11 cell line.We also explored novel therapeutic stratedoegumors
harboring orphan mutations that currently lack effective treatment optitisng the BRAFclass
[l -mutated ADKk14 and PDXADK-36 cell lines. Moreover we examined the mechanisms
underlying resistance or adverse responses to ICI therapy, such as hyperprogresseedidD),
utilizing the KRASmutated ADKk17 and ADK18 cell lines To further investigate the molecular
mechanisms driving hyperprogression and ICI resistance, we also employed a prenoligical
model of ICI resistance developed in syngeneic immunocompetentusieg the transgenic murine
BoLC.8M3 cell line, which carries KRASmutation ands p53knock-down

Together, these models create a comprehensive platform to advansedetstanding of
resistance mechanisms in NSCLC and support the development of more effective targeted.therapies
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Introduction

1. AN OVERVIEW ON LUNG CANCER

Lung canceholds an afortunate double record in canggobal burden, as is not onlythe
first cause of cancer death worldwj@ecounting for the 18% of the total cancer deaths, with an
estimated 1.8 million deaths in 202but it has also recently surpassed breast cancer as the most
commonlydiagnosed neoplasm in the wo(l2.4% of casegs11.6%)(Bray et al., 2024)

Despite men are twice as likely to be diagnosed with lung caincetence and mortality
among womels continuing to rise, unlike meBray et al., 2024; International Agency for Research
on Cancer World Health Organization, Cancer Todayhe reasonsf this trend are probably
multifactorial andmayinclude increasgtobacco consumption by women over the yelaisogical
factors geneticsandsex differences in tolerability to theliep (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 cedhparhighincome countries
(Leiter et al., 2023; Bray et al., 2024ndeed, despitenvironmental and occupational factors have
been reported to contribute to lung cancer incidems#uding exposure to secondhand smpke
asbestos, radon and air polluti@mokingtobaccoremains thepredominantrisk factorfor lung
cancey beingresponsible foabout85% of all casef_eiter et al., 2023)interestingly, the remaining
cases of lung cancer are diagnosed in patients who never smoked and, contrarily to-sstadkithg
lung tumors.their incidence isncreasing according to cancer statisti¢de Alencar et al., 2022;
LoPiccolo et al., 2024 Smokingrelated and nosmoking related lung tumors are considered two
totally distinct entites in terms ofbiological, genetic and epidemiological featurdsading to
important implications regarding tlooice of theoptimal therapeutic approa€kiano et al., 2008;
de Alencar et al., 2022)

2. LUNG CANCER SCREENING

Regardless of the risk factors, lung cancer showrermendousmortality ratedue tothe
absence of adequate screening programsh inevitablyleadsto latestage diagnosis. Indeed, it has
been estimated that only 15% of lung cancer patients are still alive 5 years after the deaghibsis
about70% of patientshowadvanced, metastatic disease at the time of the diagdeskoning et
al., 2020) Conversely patients with earhstagelung cancemhavebeen reported to have &5%
chance of survival over 5 yeaf&oldstraw et al., 2016}t is clear thaimplementing screening
programmesble toidentify patients affected with lung cancer at earlier stagasbeconsidered a
significant public health concerginceitwoul d si gni fi cantly i mprove |

15
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chancesCurrently the only available existing screening approach for the early diagnosis of lung
cancer is théow-dosecomputed tomograph.DCT)-based screening in asymptomatic individuals
which is stillin an experimental phase and whose risk and benefits are still under evalua@an.
is the only approach that has demonstrated a significant reduction of mortality neégients who
were at high risk of developing lung canc¢erg, current and former heavy smoke@30 or more
packyears of cigrette smokindistory), as reported bywo major, independentarge randomized
controlled trialsthe US National Lung Screening Trial (NLST) ahd NELSONtrial (Aberle 2011;
de Koning et al. 2020Yhe NLST reported thaubjectsundergoing annudlDCT-based screenings
for three yearshoweda 20% relative reduction in mortality from lung cancexs compared to
subjectsundergoing chest radiograplmased screeningsith the same frequency, after a median
follow up of about 7 year§Aberle et al., 2011)Accordingly, the NELSON trial reported that lung
cancefrelated mortality had reduced by a quarter in patiéim$ had undergone LDCbased
screening procedures (executed four times in six years), as compared to patients that had not been
screenedRu Zhao et al., 2011; de Koning et al., 2020)

Despite the evidence about the impact that LEM@$ed screening programmes may t@ave
lung cancerelated mortality reductigrihe compliance to this procedure is still subopti(félam et
al., 2020) In the United States of Americ@JSA), lung cancelLDCT-basedscreening iannually
performedin highrisk patients according to théJ).S. Preventive Services Task Force (USPSTF)
recommendations.€., annual screening for adults aged@Dyears with a smoking history of at least
20 packyears or that have quitithin the last 15 yeargBandi et al., 2024)Nevertheless, eeport
from the American Lung Associati@stimated that only about 6% of eligible Americans underwent
LDCT-based screening in 202American Lung Association, 2022)

Similarly, United Kingdom(UK) is also implementing lung cancer early detection through
LDCT-basedscreening programrmseginviting adults aged 584 with an history of smokingn their
GP healthrecordto be assessed for their risk and eventually be screé@edkerk et al., 2021;
Mahase, 2023Nevertheless, even among the most efficient centers of the UK in terms of recruitment
of hightrisk adults for lung cancer screeningry few have reported a percentage of participation
rate that reaches 500Grosbie et al., 2019; Ghimire et al., 2019; Bartlett et al., 2020)

It is clear thathe realworld effectiveness diing cancer screening still very far from the
one reached by other screening programmesluding breast, cervical and colorectabncer
screening programmeg#rmstrong etal., 2016) The reasons are to be foundsaveral factors,
including ildequatewarenessbout the topicstigma associated with smokirfghancialconcerns
costeffectiveness lack of knowledge among physicians regarding screening guidelines and

recommendationsndgeographic disparities in healthcare ac¢eas der Aalst et al., 2021; Amicizia
16
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et al., 2023)By the way, the implementation of LDE&3Jased screening is still ongoing and it will
presumablybecome standardclinical practice in the next years. In this context, the parallel
implementation of smoking cessatianterventionsshould be integrated into lung screening

programmes, in order toachieve the best possiblerdasld i n t er ms of patients

3. LUNG ANATOMY AND LUNG CANCER HISTOLOGY

The lung isa complex orgamsed for multifaced primary and secondary functions, which
include not only efficient gas exchan@idaddad, 2024)but also od pH and blood pressure
regulation(Takase et al., 2023filtering andexcretionof substances from the bloodstreéinseph
et al., 2013) metabolic rols (Alvarado & Arce, 2016; Liu & Summer, 20} 9protection and
temperature antdumidity regulation(Haut et al., 2023; Haddad, 202Zhe lungs aréwo paired,
coneshaped organsithin the thoracic cavityseparated by the mediastinamd covered byalble
layered pleural membraneshichsecrete @ertainamount of pleural fluidhatlubricates the pleural
surfacesreducingfriction during breathing{Chaudhry, 2024)Structurally, the lungconsists of
respiratorybronchiolesleadingto alveolar ductswhich open into clusters of alveolNanjwade et
al., 2011) Bronchi and alveoli are surrounded by a connective tissue, enriched not tymhpbhtic
vesselsploodvesselsandnerves but also of several cell typaacludingmacrophages, fibroblasts,
and other immune cellRuge et al., 2013; Patel et al., 2015)

Considering its primary function of gagchange he lung is constituted of more than 40 cell
types, which formaunique architectureecessary to guarantésfunctioning(Cunniff et al., 2021)

The main types of cell types found in the lung aredisidow (Figure 1):

1. Epithelial Cells:

1 Basal cells:progenitors for other epithelial cell typéscatedn the airway epithelium
(Cardoso & Whitsett, 2008)
Goblet cells: responsible for mucysroduction(D. F. Rogers, 1994)

71 Ciliated cells: endowedilia that facilitate the moving of mucus and debris out of the
airways(Gohy et al., 2019)

1 Club cells:responsible for surfactants secretion, involved in detoxification and located
in thebronchiolegCardoso & Whitsett, 2008);

1 Pulmonary neuroendocrine cells (PNECs): involved in airwaynerve
communicationairway oxygen sensing, regutat of pulmonary blood flow, control

of bronchial tonus, moduli@n ofimmune responsgSong et al. 2012)

17
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1 Type | pneumocytes extremely thincells that line the alveoli, facilitatinggas
exchange between the alveoli and bl¢sdng et al., 2012)

1 Type Il pneumocytes responsible for surfactant secretitimey can differentiate into
type Ipneumocyte¢Song et al., 2012)

2. Immune cells:

1 Alveolar macrophages (AMs):involved ininnate defense mechanisiocatedwithin
the alveal (Chang et al., 2023)

1 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 lunfLambrecht et al., 2001)

Bronchioles to alveoli

Major cell types Alveoli

o Epithelial cell & PNEC
Q Club cell
Typel
& pneumocyte
& Goblet cell
‘ Type ll
Basal cell i— Blood vessel

.Macrophage * Dendritic cell

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

In addition bronchioalveolar stem cells (BASCs) have baksoidentified at the interface
between the bronchioles and alveoli. These epithelial progenitor cells possess a bipotent nature,
enabling them to differentiate into bo@iub cells and type Il pneumocytdsJ ones Fr e e me
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 WotlieHealth
Organization(WHO), can be characterized by widely variablmicopathological feature@ravis,
Brambilla, Nicholson, et al., 2015 histological classification of lung cancerassential not only
for the diagnosis, but also for the choice of adequastment planning.

Lung cancer can be classified in twaajor histological subgroup®lon-Small Cell Lung
Cancer (NSCLG)which accounts for 880% of all lung cancer cases, and Small Cell Lung Cancer

(SCLC), whichis less common, making up about18% of all lung cancer casésigure 1l A).

A Lung cancer histology B NSCLC histology

Other (4%)
I

SCLC(15%)
/ Squamous
(18%)

NSCLC ~
(85%)

Non-squamous (78%)

C Oncogenic mutations in NSCLC

, non-G12C (17%)

Other or not identified
(32%)

.’

(& — G12C (12%)

NTRK1/2/3 (<1%)

ROS1 (1%)
RET (~2%)
ALK(=3%)

ERBB2 (~4%)

EGFR (17%)
! |

MET  pRaF

(~4%)  (5%)

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

lung cancer Istologies(B) Frequency of NSCLCiktologies(C) Frequency of oncogenic driver mutations in NSCLC

The namesf the two subgroups refer to thecroscopic appearance of the cancer celtéch

allows to distinguish the typef lung cancer based asell size and morpholog§Nicholson et al.,
2022)
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SCLCis thought to arise froRNECs it is more aggressive and fastgrowingas 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,BASCsor type Il pneumocyteéSutherland & Berns, 2010; Semenova et al., 2015} type
of lung tumoris generally less aggressiveess compared to SCLC and shows a wider range of
therapeutic options, includingurgery, chemotherapy, radiation therapy, immunotherapy, and
targeted therapfL.emjabbarAlaoui et al., 2015)

NSCLC can be further histologicallgubdividel into nonsquamoudung adenocarcinoma
(LUAD), which is the most common subtype of NSCLgarticularly in norsmokers(78% of
NSCLC cases)ung squamous cell carcinomalE5C), strongly associated with cigarette smoking
(18% of cases)and other rare types of NSCLC tumors, which incluidege cell carcinoma
adenosquamousarcinomaandsarcomatoiccarcinomaabout4% of cases(Pelosi et al., 2015; Li &

Lu, 2018; Li et al., 2020; Chen & Dhahbi, 20ZE)gure 11 B).

4. NSCLC MOLECULAR CLASSIFICATION

Therecent advances e field ofmolecular pathologyincludingthe advenbf sequencing
technologiesuch asextgeneration sequencing (NG®pve allowed the identification of specific
molecular profiles within NSCLC, enhancing thederstanding of the molecular pathologytlag
malignancy.The 2015 WHCClassification included a description of these novel NSCLC molecular
profiles based on the identification of potentially targetabiger genetic alterationis lung cancer
(Travis, Brambilla, Burke, et al., 2015; Inamura, 201&Yer, the 2021 WHO Classification further
updated these classifications, giving insights the clinical management of NSCLC cases based on
their molecular characteristiddNicholson et al., 2022)These advances allowed to discover that
approximately half of NSCLC adenocarcinonsmwsactionablegeneticmutations paving the way
for personalized therapeutictigms (Navani et al., 2022; Friedlaender et al., 2024)

Since the identification ofhe epidermal growth factor receptor (EGF&®) the firstgene
carrying oncogenic driver alteratienin NSCLC in 2004(Lynch et al., 2004)severaladditional
oncodriver genes have been identified to carry targetable mutafivese includ&irstin rat sarcoma
virus KRAS, v-raf murine sarcoma viral oncogene homologBRABF, c-MET protooncogene
(MET), human epidermal receptor HER2 or ErbB2), anaplastic lymphoma kinaseAl(K),
rearranged during transfectioRET), ROS proteoncogene 1ROS) andrearranged neurotrophic
receptor tyrosine kinas&TRK) genegLe et al., 2023)as well as newly emerging targets such as
phosphatidylinositeB kinase PIK3CA) and fibroblast growth factor receptoFES3FR1-3), which are
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expanding the landscape of actionable mutations in NS(3dDeffler et al., 2015; Tan, 2020; Zhou
et al., 2021)

KRASmutations aréghe most common alteratiofsund in about 25% ONSCLC patients
followed by EGFR (~17% of casesBRAF (~5%), MET andHER2 (~4% each)ALK (~3%), RET
(~2%),ROS1andNTRK(~1% each]Thai et al., 2021{Figure Il C).

The identification of actionable oncogenic driver mutatiassociated withNSCLC in routine
clinical practice igmainly executed through the use afjh-throughput sequencing methaglsch as
NGS, as recommended by oncology societies such as ESMO and ASagh et al., 2022)
Polymerase chain reaction (PCR) technigaes alsooften used in conjunction with sequencing
methodgSholl, 2017) Additionally, fluorescence in situ hybridization (FISH) is employed to detect
genetic rearrangements and amplifications, such as those invaluk@r ROS1gene (Conde et
al., 2022)

4.1 Targetable oncogenic drivers in NSCLC
4.1.1 EGFR

EGFR is aransmembrane protelrelongng to theErbB family of tyrosine kinase receptors
which include ErbB1 (EGFR), ErbB2 (HER?2), ErbB¥ER3)and ErB4HER4)receptorgHynes
& Lane, 200%. EGFRIis areceptor tyrosine kinag@&RTK) constituted of amextracellular ligand
binding domaina transmembrane portion, agagintracellular tyrosine kinasgomain, responsible
for the initiation of the intracellular signaling pathwiaiggered by the receptor activation. Upon
binding with a specific ligand such aghe epidermal growth factofeGF), transforming growth
factor alpha (TGFJ )or others(Singh et al., 2016)EGFR undergoes dimerization, forming
homodimers with other EGFR proteins or heterodimers with other membersExbiBéamily.
EGFR dimerization stimulates its intrinsic tyrosine kinase actjvityesulting in
autophosphorylatiorof its intracellular domaia This, in turn, activates several pgoowth
signaling pathways including the RAS mitogenactivated protein kinase (MAPK)
PIBK/AKT/mTOR and JAKSTAT pathwayqWee & Wang, 2017)

In lung adenocarcinom&GFR mutations havéeen reported to be more common among
Asian, young, female, non/ligismokers(Rosell et al., 2009)The majority of EGFR somatic
mut ations i denti fied i n NSCL C ar d¢he dlterdtionn e d
frequently occurs intdhe adenosine triphosphate (AHBlipnding pocketof the intracellular
tyrosine kinase domain of the receptor, resulting in a ligaddpendent, constitutive activation
of EGFR signalindGazdar, 2009)
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The most commoBGFRmutations identified in NSCLC asxon 19 deletions and exon 21
L858R point mutationswvhich accountor 90% ofEGFRalterationgZhang et al., 2019Patients
carrying these mutations have been reported to show a good response ¢d tgrgstne kinase
inhibitors (TKIs)-based therapgRosell et al., 2009; Mitsudomi et al., 2010; Fukuoka et al., 2011,
Lee et al., 2013)Nevertheless, a subsetmdtientsharbos uncommonEGFRalterations, which
comprise an heterogenous group of alterations representing about 10% oE&iRRenutated
NSCLC casegBar et al., 2023; Borgeaud et al., 20Zfipe mostfrequent uncommomkGFR
mutations ar&EGFRexon 20 insertion(2.5% of all lung adenocarcinoneases), which include
more than100 distinct variantsand constitute6% of EGFRmutations in NSCLC(Yasuda,
Kobayashi, et al., 2012; Friedlaender et al., 20ZBese mutations are generally associated with
worse prognosis in advanced NSCLC as compared to BBBERmutations and low response to
EGFRtargeted therapgOxnard et al., 2013; Gristina et al., 2020)

The current standard of care f6B6GFRmutated NSCLC is osimertinib, a thigneration
EGFRTKI, which is used both asfirstline treatmenor for the treatment gbatients who develop
resistance to earliggeneration EGFRKIs. As will be discussed iSection6.4, osimertinibhas
demonstrated remarkable superiority over fiestd secondjeneration TKIsnot only in terms of
progressioffree survival (PFS) and overall survival (OBt also in its ability to penetrate the
central nervous system (CN@Jiles & Mackey,2021; Zhang et al., 2023)

4.1.2 KRAS

KRAS is a protein involved in th&ansducing signaling@f activatedRTKs and in the
consequeructivation ofintracellular signaling pathwaySpecifically, KRAS is a GTPase protein,
responsible for the conversiongiianosine 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 forntheactiveGTP-bound statandtheinactive GDPbound
one (Cascetta et al.,, 2022When activated and bound to GTP, KRAS activates downstream
effectors such aRAF and PI3K, leading to the activation of tRAS/RAF/MEK/ERK MAPK
pathway the PI3K/AKT/mTOR pathway orthe RASIlike (RAL) pathway which regulate cell
division, proliferation, differentiation, and surviv@lambert et al., 2002; Hancock, 2003)

KRASIis the most frequently mutated oncogeméhuman canceand also in NSCLCin
which KRASmutations occur in about 30% of cagésiedlaender, Drilon, Weiss, et al., 2020;
Huang et al., 20215enerally KRASmutations show higher frequency among Caucasian, female
smokers(Judd et al., 2021)The most common alterationdentified in NSCLC consists in
substitution mutations in codon 12 (about 90%BASmMutated NSCLCSs), followed by mutations

in codon 13 (6% of cases) and 61 (1% of ca@€alemkerian et al., 2018)
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The most common mutations involvikgRAScodon 12 are the followin@Kie et al., 2021,
Cascetta et al., 2022)
- G12C mutation (40% ofKRASmutated NSCLCs), in which a residue of glycine is
substituted by a residue ofsteine
- G12V mutation (1821% of KRASmutated NSCLCSs), in which a residue of glycine is
substituted by a residue of valine;
- G12D mutation (1718% of KRASmutated NSCLCs)n which a residue of glycine is
substituted by a residue of aspartic acid
KRAS has been long considered an undruggable target duéntmiitsic characteristics, thus
the development of KRAS&argeting agents has been and continues to be quite challeDgspte
this limitation targeted therapiespecific forthe KRAS®?C mutation e.g, sotorasib and adagrasib,
have been successfully developed and approved for clinical use, making Gla@dhevelt
characterized and targetall®ASmutation(Addeo et al., 2021)

4.1.3 BRAF

BRAF is a serine/threonine kinase/olved in the signal transducti@ownstream of RAS
playing a crucial role in the activation thfe MAPK signaling pathway, cell growth, differentiation
and apoptosigZaman et al., 2019 he activation of RAS GTPases after the binding of a RTK by
one of its ligands, leads the dimerizatiorand activatiorof RAF family members, which include
ARAF, BRAF andCRAF (Malumbres & Barbacid, 2003yVhen activated, BRAF starts a cascade
of kinase activation, phosphorylating MERK, which inturn activatess ERK1/2 proteins.This
signaling cascade ends with the stimulation of transcription factors which modulate the activation of
genes involved in several cellular procesgdigssain et al., 2015)n physiologicalconditions, the
activation of the MAPK pathway is tightly regulated through mechanisms of negative fe@déleek
et al., 2016) Nevertheless, mutations in tB&RAFgene result ipersistentuncontrolled activation
of theRAS'RAF/MEK/ERK pathway, leading to cell proliferation and survif@ankner et al2018)

BRAFmutations are rare in NSCLC, accounting fe6% of lung adenocarcinoma casesl
are more frequent in nevemokes, women an@ggressive histological typésguyerrNgoc et al.,
2015; Thai et al., 2021)

Based on the site of mutation, kinase activity, Rifependency and dimerization status,
BRAFoncogenic mutations have besategorizedn three classegYao et al., 2015)

- Class IBRAFmutationsthis classncludesV600E/K/D/R point mutations which occur
in the valine residue atodon 600 These mutations lead to @nstitutive RAS
independenstimulationof BRAF kinase activitywhich has been reported to 50

700-fold enhanced as compared to wild typem of BRAF (Wan et al., 2004)In this
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class of mutations, BRAF signals as a monofDankner et al., 2018; Yan et al., 2022)
BRAFV%%E js the most frequent class | mutation and accounts fids@® of allBRAF
mutations in NSCLEPlanchard et al., 2024)

- Class Il BRAF mutations: this class includes nevi600 mutations locatedn the
activation segment (K60dndL597 mutation3 or Ploop (G464and G469 mutations,
which are BRAF gene regions involved in thmaintenanceof the inactive BRAF
conformation(Karoulia et al., 2016)These mutationkadto impaired RTK and RAS
signalingby negative feedbackndconstitutive RAS-independent, high or intermediate
stimulation of BRAF kinase activity In this class ofmutations, BRAF equires
dimerization with other BRAF proteins to activate the MAPK path{@gnkner et al.,
2018)

- Class IlIBRAFmutationsthis class also include®nVV600 mutationdocated in thd>-
loop (G466), catalytic loop (N581) dhne activation segment with AspheGly (DFG
motif) (D594, G596) § mi e ¢ h  e.f{These Imutation® 16a@ @ )impaired or dead
BRAF kinase activity, whicln this casés RAS-dependentin addition, in this class of
mutations BRAF requires CRAF to fon heterodimers in order to activate MAPK
signaling pathwayDankner et al. 2018

Non-V600 mutations are the most common mutatiorBRAFmMutated NSCLC, accounting
for 50-80% of the case@aik 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 BRRfnutated NSCLCBRAF™™V600.
mutated NSCLC remain orphan of targeted therapied their treatmenturrently remains
challenging(Di Federico et al., 2022)
4.1.4 MET

The MET proteinalso known as-dlet or hepatocyte growth factor receptor (HGF®) a
transmembranBTK, which, upon binding to its liganthépatocyte growth factoHGF), dimerizes,
autophosphorylatespecific 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 survivaicluding RAS-MAPK, PI3K/AKT/mTOR, FAK,
STAT, RAC/ P A-BateaimsijnaNdgathivdygKim & Salgia, 2009; Recondo et al., 2020)
Alterations in theMET gene are highly heterogenous and comppisgein overexpressiomgene
amplifications, gene fusions and activating point mutations, which lead to aberrant, constitutive MET
receptoractivation(Frampton et al., 201%riedlaender, Drilon, Banna, et al., 2020)
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In NSCLC the main identifiedVIET-associated alterations aMET exon 14 skipping
(METex14 3-4% of cases) andMET amplifications (MEFamp 1-5% of casey which have been
more frequently reporteth older, smokng patientsand havebeenassociated with poor prognosis
(Friedlaender, Drilon, Banna, et al., 2020; Remon et al., 2023; Spitaleri et al., 2023)
METex14alteratiors aregenerated 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 resuttpaired MET
ubiquitination and persistent activatigong-Beltran et al., 2006; Awad et al., 2016)ETex14
mutations are actionable oncogenic alterations in NSCLC as they show good sensitivity to MET
inhibitors (Santarpia et al., 2021fror instance, capmatinib and temotinib are two selective MET
inhibitors that have shown marked efficacyMiET-mutatedNSCLC, leading to their approval for
the treatment of patients harborifET exon 14 mutationéMathieu et al., 2022)

4.1.5 HER2

HERZ2is atransmembranBTK which, unlike other ErbB family members, does not directly
bind to any known ligand¥arden, 2001)The activation of HERZ2 receptor indeed occuisligand
independent manndhrough its heterodimerization with other ligaadivated members of the ErbB
family, i.e. EGFR HER3or HER4 or through its homodimerization with other HER2 recepidss
& Hung, 2016; Friedlaender et al., 202R) the first case, the binding of the ligands with the other
ErbB receptors facilitates a conformational change in HERZ2, inducing its dimerization,
autophosphorylatiomnd downstream signaling cascades, similarly to other RG(gierrez &
Schiff, 2011) In the second case, the formatiof HER2 homodimers results in trans
phosphorylatio et ween t he receptorsé kinase domai ns,
pathwaygqSanthanakrishnan et al., 202HER?2 activatiortriggersintracellularsignaling pathways
includingMAPK, STAT and PISK/AKT/mTORpathwayswhich regulate cell proliferation, survival
and antiapoptotic signal§Maziéres et al., 2013)

Alterations inHER2geneor in the number of HER2 copies daad to constitutive activation
of the receptarin NSCLCthese kinds of alteratiofiave been reported to bwre frequent in female,
Asian, norsmoking patients with moderate poorly differentiated adenocarcinogf@rcila et al.,
2012) Specifically, the main mechanisms of aberrant activation of HER2 identified in NSCLC are
HER2gene mutationsl{4% of casesor HER2amplifications R-5% of casesjMaziéres et al., 2013;

Yu et al., 2013)For what concers HER2mutations,in-frame insertions in exon 20, located in the
kinase domaimwf the receptqrare the most commd#ER2alterationsn NSCLC accounting for 3%
of cases This mutation is particularly frequent among younger-simokers patients affected with

adenocarcinomé@Maziéres et al., 2013RegardingHER2 amplifications, these haveeen reported
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to rarely occur asle novoalteratiors (only 2% of NSCLC cases), but ratheequently arisess a
mechanism of acquired resistance to Fiésed therapies (13% of cas@q) et al., 2013)Currently,
the only Food andDrug Administration (FDA) approvedtargeted therapy foHERZ2altered
metastaticNSCLC patientss the antibodydrug conjugate (ADC)TrastuzumabDeruxtecan (T
DXd) (Vathiotis et al., 2023)

4.1.6 ALK

ALK is a transmembrane T which, upon binding with its ligands,.e. ALKAL1 and
ALKALZ , triggers the classical cascade of signal transduction described for other RTKSs, resulting in
the activation oRAS-MAPK, P3K/AKT/mTOR and JAKSTAT pathwaygReshetnyak et al., 2021)
ALK expression iggenerally suppressed pasdtally, as its role is predominantly associated with the
fetal development of the nervous syst@hiarle et al., 2008)Therefore, its postatally expression
is frequently considered aberrant and disess®ciated.

In general, he most commorLK alteratiors are gene rearrangementwhich result in the
expression of fusion ALK proteins thebnstitutively dimerizeindudng the aberrant activation of
ALK kinaseand downstream signaling pathwd@hiarle et al., 2008Y0f note, nore than 90 fusion
partners for ALK have been describ@hiarle et al., 2008 Approximately 35% of NSCLC cases
harbor ALK gene rearrangements, specifical\LK translocations involvingthe Echinoderm
Microtubuleassociated protein Like ZEML4) gene (McKeage et al., 2020)in general, ALK
rearrangements show higher frequency in younger, light or isewveker patients with
adenocarcinomand are mutually exclusiweith EGFRor KRASactivating mutationgShaw et al.,
2009; Cognigni et al., 2022)

Other than rearrangemensl K amplificatiors have also been reported some cases of
NSCLC, while ALK point mutations mainly arise as a mechanism of resistance to-bESed
therapiegWu et al., 2016)

Currently, several TKIs have received approval for the treatmekitikéfrearranged NSCLC.
The first approvedtargeted therapy foALK-rearrangedadvancedNSCLC was the multikinase
inhibitor crizotinih whose use demonstrdt@amprovement inprogressiorfree survival (PFShs
compared to traditional chemotherg8haw et al.2013; Solomon et al., 20143econegeneration
multikinaseinhibitors including ceritinib, brigatinil alectinib and ensartinib were later approved
for the treatment of crizotintbesistant patients and were successful in overcoracuuired
resistance to crizotinifPeters et al., 2017; Camidge et al., 2020; Mok et al., 2020; Horn et al., 2021)
Finally, the thirdgeneration TKI lorlatinib, targeting ALK and ROS1, was approved to overcome the
acquired resistance induced by previous TBdsed therapies, and to imprawgacraniakherapeutic

efficacy,asALK-rearranged NSCLCare known to haveigh risk fordevelopingbrain metastases
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which are alreadydetectable in about 30% pfhtients at the time of diagnogiRangachari et al.,
2015; Zou et al., 2015; Solomon et al., 2018; Allen et al., 2021)

4.1.7 RET

RET is a transmembrandR activated by the binding with ligands belongingtte glial cell
line-derived neurotrophic factor (GDNF) family of ligands (GFL(3gkahashi, 2022)Ligand
induced activation of RET results dimerization and autophosphorylatioh its kinase domains,
leading to the activation dqRAS-MAPK, PISK/AKT/mTOR and JAKSTAT pathways(Ferrara,
Auger, et al., 2018)nterestingly, RET intracellular kinase domain shares 37% of homology with the
one ofthe ALK receptor(FerraraAuger, et al., 2018Also, similarly toALK, the most commoRET
alterations includ®ETgene rearrangementshich lead to the production of a chimeric RET fusion
protein responsible for the aberrant and constitutive activation of RET downstream signaling
pathwaygqGainor & Shaw, 2013)

In NSCLC, RET rearrangements are detected #2% of casesand are more frequent in
younger, norsmoker patients affected with adenocarcinonf@errara, Auger, et al., 2018)
Additionally, these rearrangements armatually exclusive wittEGFR KRAS BRAFmutations and
ALK andROS1translocationgTakeuchi et al., 2012)

Kinesin family 5B (KIF5B)andcoiled coil domain containing (CCDC6)arethe two most
common RET fusion proteins detected in70-90% and 1B0% of RET-rearranged NSCLE
respectively)Sarfaty et al., 20175ince the treatment &{ET-rearranged NSCLC with multikinase
inhibitors, includingcabozantinib, sunitinib and vandetaniévealed limited efficacgind significant
toxicity, the therapy oRET-mutatedNSCLC has recently shifted towards the usewsd RET-
selectiveTKIs, selpercatinib and pralsetinilwvhich have demonstratddgh response rategood
safety profilesand high CNSenetrace which isfundamentaln tumors characterized by high risk
of brain metastases suchRET-rearrangedSCLC (Drilon et al., 2018; Drilon et al., 2020; Gainor
et al., 2021; Andrini et al., 2022)

4.1.8 ROS1

ROS1 is a transmembraneTlR whose specific physiological roles in humaamain
controversial Despite the identification of theeural epidermal growth facttike like 2 (NELL2)as
a specific physiologicaligand of ROS1 in mice, no ligand for the ROS1 receptor in human has still
beenidentified so fafKiyozumi et al., 2020; Drilon et al., 202Neverthelesghis proteins believed
to act as a receptor for growth factors and differentiation sigaidence from several studies has
demonstrated that ROS1 activation resultsautophosphorylation ofts intracellular tyrosine

residueswhich recruit specific adaptor proteins that stimulate the activation of pathways involved in
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cell survival, growth and proliferation, includi®AS-MAPK, PIBK/AKT/mTOR and JAKSTAT3
pathwaygDrilon et al., 2021)

Similarly to ALK andRET, ROSlalterations mainly consist iROS1rearrangements, which
lead to the presence otanstitutivdy activaedchimericROS1 fusiomprotein(Drilon et al., 2021)
The demographic distribution BOS1rearrangements resembles the ongldf alterations, as these
mutations are more frequent irffemale Asian, younger, nesmoker patients affected with
adenocarcinoméZhu et al., 2015; Park et al., 20184dditionally, ROStrearrangedNSCLC also
show increased risk of brain metastases as compared to other onabgamdumors (incidence of
about 35%)Friedlaender et al., 2024)

ROS1rearrangements can involve at least 26 different partner genes, incLidir¥y(44%
of ROStrearranged NSCLCsEDC4(14%) andEZR(16%), and have been reported torbatually
exclusive withotheroncogenic driver mutationsuch aEGFR KRASandALK alterationgLin et
al., 2017, Li et al., 2018; Neel et al., 2019; Ou & Nagasaka, 2020; Drilon et al., 2021)

Considering that the kinase domaing\daK andROS1rearranged proteins share a high grade
of homology ¢ 80% of the sequence the ATP-binding site¥, crizotinib has also shown a good
affinity and activity inROSZrearranged NSCLGnough to be approved by the FDA as the first TKI
for the treatment dROSZtrearranged NSCL(CShaw et al., 2019; Guaitoli et al., 2024pvertheless,
crizotinibshowed the therapeutic limitations of low intracranial penetration and inductiortaxfgmt
ROS1mutations causing acquired resistance to ther@@ginor et al., 2017)For this reason, the
multikinase inhibitos entrectiniband reprotrectinibhave been approved as preferred therapeutic
options for patients with intracraniaissemination due totheir superior CNS penetratioand
efficacy as compared to crizotiniAlmquist & Ernani, 2021; Parisi et al., 2022; ten Berge et al.,
2023; Drilon et al., 2024) orlatinib has also beeapproved for the treatment BIOS trearranged
NSCLC, demonstrating promising results regarding its intracranial penetrance and its capacity to
overcome resistance in patients who have progressed on earlidva3$é&d therapieGirard et al.,
2022; Testa et al., 2028hn et al., 2021

4.1.9 NTRK 1/2/3

The neurotrophic receptor tyrosine kina@dTRK), also known agropomyosin receptor
kinase (RK) proteins are a family of RTKs, encoded by tR& RK1, NTRK2andNTRK3genesThe
ligands of NTRK consist ifour neurotrophic factors,e., nerve growth factor (NGF prain-derived
neurotrophic factor (BDNF)neurotrophin 3 (N¥3) and neurotrophin 4 (N34), involved in the
development and survival oeéurongSkaper, 2012; Amatu et al., 2018pon ligand binding, NTRK
receptor undergoes dimerization, which inducesatitephosphorylain of residuedocated in the

kinase domaimand thetypical signaling cascade described for other RTKs, wieed to the
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activation of downstream pathways, includiRfS-MAPK, PI3BK/AKT/mTOR, PKC andP L C 9
pathway, all involved imneuronal development and functiGhmatu et al., 2019)

NTRKtranslocations are quite rare alteratiashstected in less than 1% of NSClk@seqF.
Liu et al., 2022)More than 25 fusion partners have been identifietlfidRK includingeETVg LMNA
andTPM3(Vaishnavi et al., 2013; Marchio et al., 20IBhe result oNTRKfusions is the production
of chimeric NTRK proteis characterized by constitutive activation ddbwnstream signaling
pathwayswhich promot tumor growth and survivaGenerally NTRKtranslocatinsin NSCLC are
mutually exclusive with other common oncogeaiterations including KRAS EGFR ALK and
ROSImutations or rearrangemergts Liu et al., 2022)

For NSCLC patients harborinTRK fusions, the fisgeneration TKilslarotrectinib and
entrectinibhave been approved as fitste treatmentgF. 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 péfiebis et al.,
2022)

5. NSCLC STAGING

Adequatetumor stagingis crucial for determining the prognosis of the disease and the
planning ofbetter treatment option&uidelines recommend the combined use of imaging methods,
includingfluorodeoxyglucose positron emission tomogra(ffiyG-PET)andcomputed tomography
(CT) (Heineman et al., 2017yvhile othertechniquesuch agnagnetic resonance imaging (MRI),
provide better information about thextent of tumor invasiofKajiwara et al., 2010)In case of
identification ofmediastinal nodesn scansgonsidering the low sensitivigf FDG-PET for lesions
< 1 cm,minimally invasiveproceduresan be performetb confirm the presence of cancer cells
includingendobronchial ultrasourethd mediastinoscopydeineman et al., 2017; Thai et al., 2021)

In general, the mostidely used system fdumor stagingis thetumor, node and metastasis
(TNM) staging systemThis classification systemjpintly developed by the American Joint
Commission on Cancer (AJCC) and the Union for International Cancer Control (UB@&jlobally
recognized method of classification of solid tumors based on three compa@isatand extent of
the primary tumo(T, classificationfrom TO to T4, involvement of regional lymph nod¢N, from
NO to N3 and the presence of distant metastaseM®or M1) (Lababede & Meziane, 2018; Rosen
& Sapra, 2024)

Based on the information provided by the TNM staging system, the stages of NSCLC range
from O to IV, indicating the extent of the sprg&lint, 2007; Heineman et al., 2017)
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1 Stage Oasoreferred toasficarcinomainsita  ( Cl S) . Cancer cells ar

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 sprahe lymph nodes. It is further
divided intotwo substagegIA and IB), based on tumor dimensions;

1 Stage lI: the cancer may have spread to nearby lymph ndxgsiot to distant organtt is
further divided into two suistages (IIA and 11B), based on tumor dimensions and the extent

of lymph nodes involvement;

1 Stage lll: the cancer may have spread to lymph nodes in the mediastinum. This stage is
categorized intdhree sukstages|(IA, IIIB or IlIC ), depending otumor size locationand
extent of spreading;

1 Stage IV: the most advanced form @ancer In this stage, the tumdrasspread beyond the
lung withmetastassto distant organs. This stagesigadivided intotwo substages (IVA and
IVB), depending orthe extent of the spreading

As previously mentionedhe 5year survival rates of NSCLC patients vary significantly depending

on the tumor stage at the time of the diagnasith a dramatic decline as cancer progresa#sle

5-year survival for patients with stage | NSCLC is approximately ,80%eclines to 160% in

patients with stagedlll NSCLC, reaching barely 10% in advanced NSQll€on et al., 2023Yhese
rateshighlight thed i f f er ence that early lung cancer di a

chances of survival.

6. NSCLC TREATMENT APPROACHES

The choice of the optimal therapeutic approachreatingNSCLC cases isloselydependent
onseveral variables, including tumor stag@lecularfeatures pat i ent 6 sandovenalni c al
condition By and largethe therapeutic landscape of NSCe@icompassesurgery, radiotherapy,
chemotherapy, targeted therapy or immunothereglyer as part of combined treatment regimens or
as monotherapies
6.1 Surgery

Surgical resection remains the prefertteerapeutic approadbr treatingpatients with eayt
stage, localized disegseventually followed by adjuvamhemotherapyr radiotherapyAssessing
the involvemenbf draining lymph nodeis an integral part of surgery in NSCL@lyenits critical
role in defining the stage of the diseélsackey & Donington, 2013; Heineman et al., 2017; Indini et
al., 2020)
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Lobectomy, accompanied Hymph node dissection (LND)s the gold standard for the
treatment of earhgtage NSCLC patien{8lontagne et al., 2021This procedure, in which the entire
lung lobe containing the tumor is resected, has shown important advantéeyess of survival and
local recurrencas compared tsublobar resection®aman et al., 2018for compromised patients
with poor lung function and not eligible for lobectonsggmentectomis recommende(Ettinger et
al., 2015; Macke et al., 20150)his procedure allows to reduce théent of resection, removing only
part of a lobgMontagne et al., 2021 Nevertheless, sublobar resections are recommendedfonly
sde margins can be obtained order to avoid local recurrence.

More drastic approachesjch apneumonectomywhich consists in removing the entire lung,
or deeveresection which entailsremoving only a cancerous lung lobng witha part ofthe
bronchus,may be necessary farentrally located tumorsadvanced tumorsr thosethat have
extended into the bronghiherealobectomywould beinsufficient(Yan et al., 2020; Dai et al., 2022;
Wang et al., 2022; Lee & Razi, 2024)

While traditional open thoracotomy is the main chosen approach fobectomy
segmentectomyand $eeve resection today less invasive techniqueare also being increasingly
adoptedincludingvideo-assisted thoracoscopic surgery (VATS) and robasgisted thoracoscopic
surgery (RATS)because of their proven advantages in terrshaftterm outcomesadverseevents,
hospitaization, postoperative complicationsrecovery times, morbidity and mortality rates
(Montagne et al., 2021pespiteongoingquestions about the effectiveness of nodal assessment with
these novel techniques, no difference@ual upstagingr overall survivalhas been reported ithe
literaturebetweenopen approachesnd less invasive techniques, supportingatieptionof these
new method# clinical practicRaman et al., 2018)

For advanced or metastatic NSCLC, surgery banconsidered within the context of
multimodality therapy (MMT) which also includes radiotherapy asgbktemic treatmentsuch as
chemotherapytargeted therapy and immunotheraseither adjuvant orneoadjuvant approaches
(Konig et al., 2022; Petrella et al., 2023)

6.2 Chemotherapy

Chemotherapy is a common treatment apprdaciNSCLC and it isoften used in various
stages and context€urrently,the mainchemotherapeutic agentsed in clinical practice include
cisplatin and carboplatitogether withgemcitabinetaxanes and pemetrexadsually in association
with sometargeted therapy drugRamalingam & Belani, 2008While dsplatin, carboplatin and
gemcitabineact by disrupting the DNA repair systemwhich result inDNA damagecancer cell
apoptosis(Mini et al.,, 2006; Dasari & Bernard Tchounwou, 2Qlfgxanes show a different

mechanism of action based on the disruptiomafrotubuleformation dynamics consequent cell
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cycle arrest and cancer cell apoptdZisao et al., 2005; Tan et al., 201 Djfferently, pemetrexed
acts by inhibiting thenzymes involved ithe metabolismof folate, resulting in cell cycle arrest in
the S phaséGuo et al., 2022)

In earlystage NSCLC, chemotherapyeigherused in an adjuvant settingltawerthe risk of
disease relapse after surgical resecijArriagada et al., 2004; Indini et al., 202®r in the
neoadjuvant settingefore surgery resectipim case ofesectabl®& SCLCorin nodepositivedisease
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 therggasumbased
chemotherapy has been the standard-limst treatment foradvanced NSCLESculier & Moro
Sibilot, 2009; Kim & Halmos, 2020)Nevertheless,he current recommendatiorfisr advanced
NSCLCoften suggestreapproach basedahecombination of chemotherapy with other agestsh
asplatinumbased chemotherapy combined with pemetrex¢argeted agentsr chemotherapy plus
immunotherapy depending on pat i en(Sculeem&Motcaibiat, ”2@8; c h a
Kim & Halmos, 2020; Lee & Razi, 2024)
6.3 Radiotherapy

RadiotherapyRT), alongside surgery and systemic agestse of the threkey componerg
of the multidisciplinary therapeutic approach adopted for NSCLC treatment. It is estimatedthat
than half oNSCLCpatientgeceive a radiotherapeutic treatmaatoss all stages of the diseasith
eithercurative or palliative interfRodriguez De Dios et al., 202Byroadly, radiotherapy consists in
the irradiation of tumor cells with high doses of ionizing radiation, which resuliewersible DNA
damagend, consequentlyn cell cycle arrest and tumor shrinkg@aa et al., 2020)n recent years,
technological advances have greatly improved tinesapeutic approach, allowing a more precise
targeting of tumoranaximizng tumor controland reducingreatmervrelated toxicites or incidental
irradiation of peripheral healthy tissu@énod & Hau, 2020)

Stereotactic body radiation therapy (SBRT), disown asstereotactic ablative radiation
therapy (SABR)is the strategy of choice for eadyage NSCLC patienneligible for surgery
(Rodriguez De Dios et al., 2022)his radiation strategy allows the delivery of high radiation doses
to specific target volumewith extreme precisionn few sessions, typically one to five, unlike
conventional radiation therapy which often requires several sessions over multiplg Jepglesen
et al., 2013; Tsang, 2016; Giagvra et al., 2020)SBRT has been reported to be well tolerated and
to yield efficient local control rates (> 90%) in both operable and inoperablestagy NSCLC
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patients(Timmerman et al., 201&nd to better improve overall survival as compared to traditional
radiation strategie@alma et al., 2010; Gihjevra et al., 2020)

As for unresectablelocally-advanced NSCLC patus, the concurrentcombination of
chemotherapy, especialplatinumbased therapy, and radiotherappigmoradiotherapyfollowed
by adjuvantdurvalumabbasedimmunotherapy, is thetandard of careand has demonstrated
significantly improvenentin the OS of this class of patier(Shaft et al., 2021; Dohopolski et al.,
2021 ; -Péhiatewsska et al., 2021; Rodriguez De Dios et al., 202&)ertheless, 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, includingtensity modulated radiation
therapy (IMRT) or proton treatmemtith concurrent chemotheraplgave demonstrated to improve
the outcome of patients with locally advanced NSCIaS these approaches manage to maximize
tumor delineation and treatment delivery and reduce off target irrad{@iapLevra et al., 2020)
These achievements are feasible thanks tedheurrenuse of mageguided radiotherapy (IGRT)
which includes, for exampldpur-dimensional computed tomography (4DCWhich allows to
accurately assess tumor movensahiring respirationreducing radiation exposure to surrounding
healthy tissue¢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 apalliative tookimed atlleviatingtumorassociatedymptomgFaria,
2014; Zhou et al., 2020; Zhu et al., 2022) note over the last decades, the therapeutic use of SBRT
has been extended to the subclass of patients with limited metastatic digeadigometastatic
diseasefor which it has been reported to significantly improve, @®norlocal control andPFS
compared to conventional treatment approa¢Raga, 2014; Wujanto et al., 2019; Chai et al., 2020;
Virbel et al., 2021)

6.4 Targeted therapy

The discoveryof targeted therapieemploying TKIs and small molecule inhibitors has
profoundly transformed the clinical landscape of NSCLC. Prior to the advent of NKIGLC
patientswere largely restricted toonventionalchemotherapy as their primary treatment option
which frequently resulted iiimited therapeutic outcomes and significant adverse effieicfsKwok,
2020; Araghi et al., 2023he useof TKIs has revolutionized treatment by selectiviygeting
specific molecular alterations within tumeighibiting signaling pathways thatrive cancer cell
proliferation and providing a more effectivepersonalizedtherapeuticapproachfor NSCLC.
Generally, TKIs function by selectively binditlge ATRbinding site of specific RTKgreventing

their phosphorylation and activation. This inhibition disrupts downstream signaling cascades
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essentiafor tumor growth and survival, ultimatetgducing cancer cefiroliferation andoromoting
apoptosigPottier et al., 2020)

To date, over a dozen TKIs have been approved for the treatme8CAfC, with gefitinib marking

a significant milestone as the first TKI introduced into clinical pragi@zandijian, Blumenthal, et
al., 2016) This groundbreaking therapy not only establiseB&FRas the first targeted oncogene in
NSCLC,but also paved the way for subsequent targeted therafiiasately enabling the targeting
of all other oncogerse(Figure 111).

Targets:
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=
Ensartinib

Figure Il . Timeline detailing FDA approvals for TKIs in the clinical treatmenN&CLC.

As advancements in cancer treatment have progressed over time, the development of TKIs
hasalsoevolved, leading to their classification into three generations. Each generation is designed to
enhance efficacy ara/ercomehe limitations of its predecessohs particular nextgeneration TKIs
have been specifically engineered to address the resistance issues commonly associated with this clas:
of drugs (Yang et al., 2022; Attili et al.,, 2023Jor instancethe thirdgeneration EGFRKI
osimertinib has been developed to specifically recogritze EGFR "™ mutation which is an
acquired resistance mutatidhat develops in 580% of patientswvho initially respond to first
(gefitinib, erlotinib)or seconegeneration (afatinib, dacomitiniBGFR TKIs, but that later progress
(Imamura et al., 2020Yhe FLAURA trial has demonstratedsagnificant superiorityof osimertinib
over first and secondjenerationlKlIs in terms of PFS18.9 monthys10.2 monthsand OS 88.6
monthsvs 31.8 monthg (Gen et al., 2022)in addition, the high specificity of osimertinib, which
allows the targeting of thHE790M resistance mutation while sparing wiyghe EGFRalsominimizes
toxicity and adverse events as compared to early {Idiset al., 2020) Adding to its advantages,
osimertinib also demonstraté the ability to penetrate the blodwlain 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 exangaely and nexgenerationrKls targeting other
oncogenes have also been developed, exhibiting similar characteristics and developmental
trajectoriesto EGFRdirected TKIs.For instance, next generation ALKKIs, including alectinib,
brigatinib, and lorlatinibhave also demonstrated improved BBSipared to earlier generation TKls
such ascrizotinib (lorlatinib vs crizotinib, 12.5 months/s 9.2 month} (Tan et al., 2023)together
with enhanced OSniracraniakfficacy andimproved safety profile(Wu et al., 2016; Cooper et al.,
2022) Similar advantages have been observed in the use of Rit&eied next generation TKIs
(lorlatinib and entrectinib) as compared to the fgsheration drug crizotiniBoulanger et al., 2024)

Nextgeneration TKIs targetinIET (capmatinib and tepotinib), RET (selpercatinib and
pralsetinib) andNTRK (larotrectinib and entrectinippave similarly demonstrated superior efficacy
compared to their early counterpai@medo et al., 2022; Attili et al., 2023)

In other caseshecombination of different TKIs has led to significant clinical benefits in the
treatment of NSCLCA key example is the etargeting oBRAFmutations with the combination of
dabrafenib (a BRAF inhibitor) and trametinib (a MEK inhibitor), which d@®onstratedcemarkable
efficacy in NSCLC patients harborin@RAFY6%°E mutations(Yan et al., 2022)This combined
inhibition strategyhasindeedsignificantly improved a t i cknical auttomesas demonstrated by
thepivotal phase Il BRF113928 triah whichpatients with previously treated BRAF V600#ltant
NSCLCreceivingthe combination of dabrafenib and trametinib exhibitedlgactive response rate
(ORR) of 64%, as compared to patients receiving dabrafenib monotherapyextiittitedan ORR
of 33%(Anguera & Majem, 2018)

For what concernthe targeting oKRASmutationsthis topic has to be addresssgparately
from other oncogenic targets, as the landscape surrounding KRAS has historicaltliffezent
Indeed, br severalyearsKkRAS has beertonsidered an "undruggable" target due to its challenging
structureas a GTPase prote{frluang et al., 2021 However, recent advancements have led to the
approval osotorasib and adagrasible to specifically targétRAS®*?mutation(Janne et al., 2022;
Nakajima et al., 2022)n theCodeBreaK 10@ivotal trial,treatment with sotorasilor patients with
KRASC2Cmutated NSCLC demonstrated @RR of 37% and a PFS of 6.8 monit8koulidis 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 KR&Smutated NSCLC cairt (Janne 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 irachieving sustained loAgrm 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 ashannovativeapproach that harnesses the body's immune system to combat
malignancieqY. Zhang & Zhang, 2020)Among these innovative strategies, immune checkpoint
inhibitors (ICIs) have revolutionized the treatment landscape for NSCLC, marking a significant shift
in therapeuticstrategies over the past decdéd@ang et al., 2022)

Immune checkpoints ar&ey modulators of the immune response and consist of a
sophisticated system of receptijand interactiongxpressed otihe surface of immune celislaying
a crucial role in inhibiting and regulating the magnitude of the immune respgditspes 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 harmfolthe body, as it may damage surrounding tissues or lead to
autoimmune reactior(daleki et al., 2022)For this reason, throughout evolution, the immune system
has developed a variety wtibitory mechanisms aimed at controlling immune actjvitgluding
immune checkpointéSperk et al., 2018)0ne notable example is the ligareteptor systerof the
Programmed ceDeathProtein 1and its ligand (PD1/PiL1), where PBL1 is primarily expressed
by antigerpresenting cells (APCs), while PDis expressed on T lymphocytes, regulating immune
responsefOrtega et al., 2024The inhibitory role of PBL upon interaction with its ligands, PICL
and PDL2, disrupts the stimulatory signaling pathways initiated by toellTreceptor (TCR), which
recognizes antigens presented by other cells, and by CD28, a crugamatatory reeptor
necessary for -Eell activation. This disruption hinders the signaling pathways that reguiegd T
survival, function, and activatiofsharpe & Pauken, 2018)

Unfortunately, tumor cells have adapted to exploit these modulatory pathways, enabling them
to evade antitumor immune responsasmor cells can indeeeixpress PEL1 ligandto engage PD
1 receptors on infiltrating T lymphocytes, thereby inhibitirgell activation and proliferation. This
interaction effectively dampens the antitumor immune response, allowing cancer cells to escape
immune surveillancéJuneja et al., 2017Yhe upregulation ofumoralPD-L1 can be induced by
IFN-o and ot her cyt o knfiltnagng lynspkocyteg (Tllesfandocgncer aelis within
thetumor microenvironmer(ffME), along with various inflammatory mediatdBenci et al., 2016;
GarciaDiaz et al., 2017; Cui et al., 202@igure 1V).
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Figure IV. Mechanism ofimmune evasion mediated by PBL1 expression ontumor cellsi from Buchbinder &

Desai, 2016 Prolonged stimulation of the-@ell receptor (TCR) during the antitumor response leads to increased
expression of PEL on theymphocyte membrane. Tumor cells can upregulatd Por PDL2, not shown) in response

to stimulation by inflammatory cytokines produced by activated T lymphocytes. THE&EEL 1 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-FI{I-cell immunoglobulin mucin
3), LAG-3 (lymphocyte activation gene 3), and BTLA (B and T lymphocyte adtkem), particular
focus has been placed on BDand PDBL1, together withCTLA-4 (Cytotoxic T lymphocyte
associated protein 43s these modulators have proven especially relevant in clinical applidations
NSCLC. This new class oimmunotherapeutic 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. Thigidisenables
tumorinfiltrating T lymphocytes to restore their natural antitumor effector fun¢¥éei et al., 2018)
(Figure V).
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Figure V. Inhibition of immune checkpoints by ICIs i modified from Ahmed et al., 2019 The CTLA4 inhibitor
(ipilimumab) prevents the binding between CT4Aand the B7 ligand expressed on antigessenting cells (APCs),
blocking the inhibitory signal to Tymphocytes. PEL inhibitors €.g, pembrolizumab and nivolumab) and D
inhibitors (e.g, atezolizumab) prevent the binding of ADand PDBL1, blocking the signaling pathway that inhibits T
lymphocyte activity.

Currently, IClIs have become essential components of the clinical manageM&a&lo and
are utilized in both firstline and subsequent treatment settif@bvaresHernandez et al., 2023)
Agents such as pembrolizumab, nivolumab, atezolizumab, durvalan@lpilimumabhavealso
demonstrated substantial efficacy when administered as part of combination therapies with

chemotherapy, significantly enhancing patient outcof@iisaresHernandez et al., 2023)
6.5.1 Approved ICldargeting PD1 for clinical application in NSCLC

Nivolumab Opdivo)was the first ICI approved for clinical use in the treatmemi®CLC.
The FDA grantedhis approvalin March2015, specifically for patients with advanced NSGkko
had progressed after platintmased chemotheragi{azandjian, Suzman, et al., 2016his decision
was based on the findings of the phase Ill CheckMaié clinical trial, which demonstrated that
nivolumab significantly improvethe OS compared to standard chemotherapy. Specifically, patients
treated with nivolumab experienced an average increase in survival of 3.2 months compared to those
receiving docetaxglRaedler, 2015; NCI Staff, 2015jollowing its initial approval, the indications
for nivolumab have expanded, and it is now also approved fofifiestreatment in combination with
chemotherapy fathe treatment gbatients with metastatic NSCL(Cu et al., 2023)
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Inthe same yeapembrolizumab (Keytrudaglso received FDA approvadr the treatment of
advanced\NSCLC patientswhose tumors expresghigh levels of PEL1 and who hd experienced
disease progression followisgandarachemotherapyReck et al., 2016 he approval was primarily
based on the results of the phase Il KEYNGUIB trial, which demonstrated that pembrolizumab
significantly improvedOS compared to docetaxg¢bneyear OS of about69% vs 49% in the
chemotherapy groggHerbst et al., 2021 Currently, pembrolizumab is also indicated as a-fingt
treatment in combination with chemotherapy for patients with metastatic NGQULEt al., 2023)

Most recently Cemiplimabrwic (Libtayo) became the latest PDtargeting ICI approved by
theFDA for NSCLC treatmentAhn & Nagasaka, 2033Approved in 2021, cemiplimalas initially
indicated for patients with advanced NSCLC who have not received prior systemic therapy. This
approval was supported by the results of the phase || EMPOWIBR 1 trial, which demonstrated
a significant improvement in OS for patients treated with cemgilincompared to standard
chemotherapySezer et al., 2021)n this trial, patients treated with cemiplimabhieved a median
OS of 22.1 monthsompared tthegroup receiving chemotherapy alone, vehowedan OS obnly
13.3 monthsCemiplimab is nowalso indicated as a firdine therapy for patients with locally

advanced or metastatic NSCCG¥ zg¢roj Il u. et al ., 2023)
6.5.2 Approved ICldargeting PDL1 for clinical application in NSCLC

Two monoclonal antibodietargeting PBL1 havealsobeen approved fahe treatment of
NSCLC. Atezolizumab (Tecentrigvas the first PEL1 inhibitor to receive FDAapproval in 2016
initially designated for patients with advanced NSCLC who had previously undergone at least one
treatment(Cancer Discovery, News in Brief, 2018his approval was based on the results of the
phase Il OAK clinical trial, which demonstrated a significant improvememné&year OS compared
to standard chemotherag$0% vs 42%) (Rittmeyer et al., 2017)Today, atezolizumab is also
indicated as a firdine therapy in combination with chemotherapy for patients with metastatic
NSCLC with datafrom the IMpowerl150 triafevealing a median OS of 19.2 months for patients
receiving this combination versus just 14.7 months for those treatediv@thotherapy alon@yu
& Ward, 2018)

Following this, durvalumab (Imfinzi) waslsoapproved in 2017 for patients with advanced
NSCLC who showed response or stable disease after chemotherapy and radiation(8yedpy
2017) Its approval was based on the results of the phase Il PACIFIC trial, which showed a significant
improvement irPFS (16.8 months) compared to the control gréup ihonthy (Spigel et al., 2022)
Currently, dirvalumabis uniquely approved for consolidation therdmowing platinumbased

chemotherapy and radiation in unresectable stage 11l NS®1dOre et al., 2023)
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6.53 Approved IClIs targetingCTLA-4 for clinical application in NSCLC

Ipilimumab (Yervoy)is a monoclonal antibody targeting CTEA approved for the treatment
of NSCLC in combination with nivolumab. This combination received FDA approval in 2021 for
patients with advanced NSCLC whadpreviously undergone at least one line of ther@yri &
Shafique, 2020 This approval was based on the results obtained fromphtase 11l 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 witliPBidiil expression,
compared to chemotherapy alon&7.l monthsvs 14.9 monthy (Hellmann et al., 2019)
Subsequentlytwo randomised phag# trials, namely CheckMate 9LA and POSEID(d#Valuated
the efficacy of the triplet combination of ipilimumab, nivolumab, and chemotherapy in untreated
metastatic NSCLC. Results indicated that this combination significantly improved O8Fsd
compared to chemotherapy alone, further supporting the role of ipilimumab in enhancing treatment

outcomes for patients with advanced disdaset al., 2024)
6.54 Predictive biomarkes of response to ICls

Despite ICIs haverevolutionized the treatmeniandscape of NSCLCproviding new
therapeutiopportunities for patients previously deemed inoperalaieall patients exhibit favorable
responses, underscoring the critical needtlier identification ofreliable predictive biomarkers.
Currently, PDL1 expression is the onlalidatedpredictive biomarker used to guide ICI therapy in
clinical practice(Doroshow et al., 2021Nevertheless, its use is heavily limited and for this reason
it is consideredn incomplete biomarkefFhe assessment of AL expression is primarily conducted
through immunohistochemistry (IHC), a technique that utilizes specific antibodies to detedt PD
protein levels on the surface of tumor celisumor infiltrating immune cell§Phillips et al., 2015;
Dolled-Filhart et al., 2016)In clinical practice, PEL1 expression is measured usitwpo main
scoring systemswhich are often useititerchangeabltythe tumor proportional score (TP&)d the
tumor cell (TC) expressionBoth the scoring systemsdicate thepercentage of viableimor cells
with PD-L1 staining on the membrane, relative to all the viable tumor cells of the s@feplet al.,
2015; Kerr & Hirsch, 2016 Nevertheless, while TPS maypcompasboth tumor cells and immune
cells, theTC percentage specifically refers to the proportion of tumor cells expressihg PO-E.

Wu et al., 2020)The potential utility of PEL1 expression as a predictive biomarker was highlighted

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

enrolled patientsegardless atheirtumoral PDL1 expression, post hoc analyses showed that higher
PD-L1 levels were associated with improved clinical outcomes. An example KEMROTE-010

trial, evaluating pembrolizumaéfficacy, in which it was observed that higher-BD expression
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(TPSO50%)correlated with better PFS and @&aron et al., 2015Nevertheless, subsequent studies
failedin demonstrating aufficiently strong associatidretween PPL1 tumoralstatusangh at i ent s
clinical outcomes and, on the contrary, provided demonstration that subsets of patients with tumors
negative for PEL1 expression could as well benefit from ICI therdByahmer et al., 2015; Reck et
al., 2016; Rittmeyer et al., 201 Qurrently, the majority of ICIRave been approved fpatients with
aTPSof PD-L1 greater than 50%1owever the cofflicting dataraise important questions about the
adequacyof using PBL1 as the sole criterion for patient selectibomaddition to this, anothdeey
issue is the heterogeneous expression ofLPDRvithin tumors, whichcan result in inconsistent
assessments when based on a single bidpsyhermorethe lack of standardization in PIL
detection assaydue to variations in diagnostic kits, antibodies, and testing methodalogikss it
difficult to reliably compare results across different settifigss challenge is compounded by the
absence of universally accepted-offtvalues for PBL1 positivity, further complicating the accuracy
and consistencyfahe biomarker's clinical ugMathew et al., 2017; Li et al., 2022; Catalano et al.,
2023) All the limitations of PDL1 as a predictive biomarker of response to ICIs have spurred the
search for additional biomarkers. For instangacaisingbiomarker is the tumor mutational burden
(TMB), which measures the total numbeisofnaticmutations per megabagaut/Mb) in thetumor
genomereflecting the overall mutational landscape of the ca(iCkan et al., 2019)he rationale
behind the use of TMB as a predictive biomaitkeahat higher TMB likelihood results in increased
tumor expressing neoantigens, which may enhan
to ICI therapy(Greillier et al., 2018; Scobie et al., 202BRetrospective analysdsave indeed
demonstrated that patients wihi gh T MB ( o f t16 mut/Mbdekhibi improver ORR)
OS and PFS when treated with ICIs, compared to patientsonitiMB levels(Ma et al., 2021)For
the same rationale, tumanicrosatellite instability (MSI)which reflectsdefects in DNA repair
mechanismshas als@arnered attention as a potential predictive biomarker for the efficdGlsof
(Dempke et al., 2018; MinBenudson et al., 2022The evaluation ofILs,whi ch r ef | ect
TME, is also being investigated for its predictive poterfMiho-Kenudson et al., 2022; Ushio et al.,
2022; Catalano et al., 2023)lle these emerging biomarkers hgddomisesfor refining patient
selection and optimizing therapeutic strategies, but further validation and standardization are required
before they can be integrated into routine clinical practice alongsid€lR€sting
6.55 Clinical responses to ICIs

ICIs exhibit response patterns that are unprecedented when compared to conventional
chemotherapy or targeted therapigbese kinds of responses, which inclutigable complete
response (Durable CRjurable partial responses (Durable RRiyable stable disease (Durable SD)

pseudoprogression and hyperprogression, are summarizggure VI.
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Figure VI. Response angrogressionpatterns during ICI treatmenti modified from Borcoman et al., 2019SD:

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

The first type of ICIrelated response is durable complete respatisalfle CR)jn whichthe patient
benefitsfrom prolonged periods of disease control and, in some dasgdasting remissionsvhich
can persist also after therapy discontinuatigmiike traditional chemotherapy, which often results in
shortterm responses followed by relapséCls canindeedinduce sustained immune activation,
leading to persistent arttimor effectyBorcoman et al., 2019; Poii®stivint et al., 2019; Johnson
et al., 2022)

Differently, durable partial responsesiufable PR) are characterized by a significant
reduction in tumor burden without achieving complete remisgitthough the patients experiencing
this kind of response do not achieamplete disease eradicationrable PRs also plagn important
role in enhancing patient outcomestabilizing thedisease and imprawgp a t i cuality sfdife.
Additionally, durable PRs maglsotransition intodurable CRs over timesspeciallywhen patients
continue taeceivelCl therapy or experience immumeediated effects that further reduce tumor size
(Borcoman et al., 2019; Pofi®stivint et al., 2019)

Durable stable diseasdufable SD) refers to situationin whichthe tumordoes not progress
or regress significantly over an extended peridespite the diseaset beingeradicated, this kind

of response offers an important period of disease stabilization in which tumor growth is controlled.
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This stabilization can bgarticularly beneficiafor those class of tumors that do not respond to other
typesof therapies, as frequently happens with advanced N§Bbfzoman et al., 2019)
Pseudoprogression refers to a phenomenon in which, d@lrtgerapy there is a transient
increase in the size of the primary tumor or the appearance of news|dsibowed by tumor
regressiorjBorcoman et al., 2019y his response may be misleading, as it negult inthe premature
discontinuation of the therapy. Several mechanisms have been proposed to explain
pseudoprogressiomcluding a strong@ctivation of the immune systemhich may leado an influx
of immune cells into th& ME, temporarily increasing the size of tumor due to inflammation and
edema(Di Giacomo et al., 2009; Chiou & Burotto, 201#&nother hypothesis suggests that the
release of tumor antigens into circulatidue to tumor death and necrodiging ICI treatment may
provoke a systemic immune resporet&ractng additional immune cells to themorsiteand leading
to localized swellingJia et al., 2019)
As for hyperprogressiart is considered the most detrimental type of responielsoand it
is characterized by an accelerated tumor growth that often leads to rapid clinical deterioration
(Adashek et al., 2020Yhis 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 hyperprogreastomrofound,
affecting treatment decisions and patient prognésisthis reason, @omprehensiveescription of

this phenomenon is providéa the following section.

6.55.1 Hyperprogression Disease (HPD)

Hyperprogression, also referred to as hyperprogressive disease (HRR)cithe asa
paradoxical,accelerated growth pattern of tumors followil@l therapy Unlike typical disease
progression, where tumors gradually increase in size or spread, hyperprogression is characterized by
a rapid deterioration in pat.i eiframbtiserapy acniadiont i o n
(Borcoman et al., 2019; Angelicola et al., 20ZIhe phenomenon waaitially documented in
retrospective studies whicha subset gbatients exhibited rapid disease advancement following the
initiation of ICI therapyChubachi et al., 2016; SaaBauzid et al., 2016; Sa&ddouzid 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 withSCLC, where the incidence ranges from 8% to 21%, and in patients
with head and neck tumors, where an incidence of 29% has been ol{Saad@aBouzid et al., 2016;

Ferrara, et al., 2018)everthelesshie phenomenon of hyperprogress®ohallenging to define due

to the variety of criteria used in its assessmirtteed, #ier Champiatand collegiesintroducedfor

the first timethe concept of hyperprogression in a retrospective study of cancer patients treated with
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PD-1/PD-L1 inhibitors (Champiat et al., 2017yarious research groups have since examined the
phenomenon and proposed distinct criteria for its definition, leading to significant differences in
reported HPD ratefAngelicola et al., 2021)To overcome this limitatigrKas and colleguesave
recently proposed a refined and standardized definition of HPD, building on the criteria previously
employedKas et al., 2020)

Although the mechanisms of hyperprogressiemain unclear (for further detailsefer to
Section 7.2.8 many factors have been associated with this phenom@nerof the most consistently
reported f act or6syearsyBorglhei et al.c2015; Baagneer ef ab, 2015; Champiat
et al., 2017; Motzer et al., 2018)his association may be explained by the natdealine in both
innate and adaptive immune respons@s older patieniscommonly referred to as
"immunosenescencitharacterized bympaired TFcell function, increasetflammatory cytokine
production, and reduced immune divers{§olana et al., 2012; Goronzy & Weyand, 2017)
Additionally, prior irradiation hasalsobeen linked to a higher incidence of HP®aadaBouzid et
al., 2017) likely due to alterations in thEME postradiotherapy, which promotes the generation of
neoantigens that may drive rapid tumor progression in the irradiated(Bields et al., 2017)n a
retrospective study of NSCLC patients treated with ICls, HPDalamotably associated with the
presence of more than two metastatic sites before treatment ini{lagioara, et al., 2018Benomic
alterations als@eem toplay a critical role, with mouse double minute homoldMpPM2/MDM4)
amplification andEGFRmutations emerging as potential markers for an increased risk of kKiR®
et al., 2017; Singavi et al., 201 Furthermore, patientdfected withoncogenadrivenNSCLC, such
as those harboringLK, EGFR or STK11mutations, typically do not benefit from ICI theraBiton
et al., 2018)This is likely due to the "cold" immune microenvironment characteristic of these tumors,
which lack significant immune cell infiltratiof.amberti et al., 2020}inally, devated 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 contrast no significant
associations have beegportedoetween HPD and tumor histology, baseline tumor size, or previous
lines of therapyChampiat et al., 2017; Kato et al., 2017; SaBdazid et al., 2017)The relationship
between PEL1 expression and HPD remains controversial, with studies yielding inconsistent results
even thougha significant inverse correlation between -BD tumoral expressionand HPD
developmenhas been observed in NSCLC patidibis Russo et al., 2019)
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7. DRUG RESISTANCE IN NSCLC

Resistance to therapy remainssmnificant challengein the management of tumors,
significantly influencing patient outcomes and the overall efficacy of treatment regiBssezl on
the underlying mechanisms by which tummsisttherapiesresistance can be categorized into two
main types: primary (or intrinsic) and secondary (or acquired) resistance.

Primaryor intrinsicresistance occurs when a tunmarinsically exhibits a lack of response to
therapy from thevery onset This can be attributed to sevecanstitutivefactors,including tumor
heterogeneity(Lim & Ma, 2019; Zhang et al., 2022jenetic mutations that confer inherent
insensitivity to treatmenfLin et al., 2022; Kobayashi, 2023)r the presence aéxtrinsic tumor
factors such asan unfavorableTME thathinders theeffectiveness of immunbased therapigSon
et al., 2017)

In contrast secondary or acquiredesistance arises after an inittaimoral response to
treatment, indicating that the tumor haesveloped adaptivenechanisms to evade the effects of the
therapy over time. This can occur due to various factocsjding mutations that render the drug's
target undruggable or the activation of compensatory signaling pathways that promote tumor survival
despite the therapeutic interventi@®un et al.2024)

7.1 Mechanisms of TKI resistance in NSCLC
7.1.1 Primary resistance

The following mechanisms of primary resistance to-besed therapy have been reported:

1 Mutations in target genes Tumors may harbor mutations that confer inherent resistance to
TKIs. For instance, iEGFRmutant NSCLC, mutations such as T790M, C797S, and others
can prevent firstand secondjeneration EGFR KIs from effectively binding to their target,
leading to primary resistanc&pproximately 30% oNSCLC patients withEGFRactivating
mutations exhibit primary resistance due to these genetic alterdtions& Ma, 2019;
Koulouris et al., 2022)

9 Lack of sensitizing mutations.TKIs are specifically designed to target activating mutations
that increase the receptor's sensitivity to these drugs. Tumors ldlc&Begnutations do not
benefit from TKI therapyFor instanceEGFRmutated amors without activating mutations
in exons 19 or 21show inherent resistance to EGFR TK@ortot & Janne, 2014; Stewart et
al., 2015)

1 Presence of c-occurring mutations and activation of alternative signaling pathways
Tumors may rely on compensatory signalgaghways to survive to TKinediated inhibition
of survival signaling routes. For instanbE T amplification has been reported to compensate
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for the inhibition of EGFR pathway in NSCL(Choi et al., 2022; Qin et al., 2023imilarly,

in ALK-rearranged NSCLC, the presence of additional mutations involving, for inSeiite,
NRG1 IDH1 or NF1, lead to the activation of alternative signaling pathways which allow the
tumor to bypass the antitumor effect of Altrgeted therapie@McCoach et al., 2018)
Moreover, alterations in cell cycle regulators have also been reported to drive primary
resistance to osimertinib BGFRmutated NSCLGVolta et al., 2023).

Tumor heterogeneity. The presence ofiffierent subclonal populationgithin thetumor may
show differential response tireatmers, with some cells being inherently resistant due to
distinct genetic profileéLim & Ma, 2019)

Increased drug efflux Tumor cellscan overexpress efflux pumpsuch asATP-binding
cassette (ABC) transportenshich actively transport TKIs out of theells, reducing the
intracellular concentration and thereby diminishithgir therapeutic effec{Robey et al.,
2018; Di ni [InNSCLCahigh |level@ & Bxression of these pumpsefeeen

correlated with increased resistance to EGRs (Nishino et al., 2021)

7.1.2 Secondary resistance

The most commonadaptivemechanisms of secondatymor resistanceto TKIs are the

following and often overlap with those of primary resistance

T

T

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
treatmentiSimasi et al., 2014)0ne ofthe most welldocumented mechanisms of secondary
resistancas the emergence of tHEGFR mutation T790M, whichalters the binding site of
early-generationTKIs, like gefitinib and erlotinib, leading to reduced drug efficabry
NSCLC, the T790M mutation occurs in about@@o of patients who develop resistance to
earlier EGFRtargeted therapig$/la et al., 2011)Another example is the development of the
L1196M mutation in ALK-rearranged NSCLCs, which can confessistance to ALK
inhibitors like crizotinib(Zhao et al., 2022)

Amplification of the target gene Amplification of wild-type EGFR (WtEGFR) has been
reported tosignificantly contribute to acquired resistance to osimertinibN8CLC. This
resistance mechanism is primarily driven by ligagmdluced activation of the EGFR signaling
pathway. WhemtEGFRis amplified, it can lead to increased levels of the receptor, which
may activate downstream signaling pathways even in the presemsieneftinib(RiosHoyo

et al., 2022)
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1 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 amplificatior{Simasi et al., 2014) HER2 activation, driven by gene
amplification or overexpressioand ERK pathway activation, stimulated by the development
of BRAFactivating mutationshave also been reported as a secondary resistance mechanism
to first- and secongjeneration EGFRKIs (La Monica et al., 2019; Nagasaka et al., 2022)
1 Phenotype transition.In some case$NSCLC can undergo a transformation into small cell
lung cancer (SCLC) as a mechanism of secondary resistand&lttherapies This
histological transformation from NSCLC to SClias been reported tcur in 315% of
patients undergoing treatment with EGFR inhibit@@ser et al., 2015)Tumor phenotype
transition also includes the shift of the tumor céitsn an epithelial to a mesenchymal
phenotype through theprocess known as epithelisdesenchymal transition (EMT). This
transition enhances cell motilitynvasivenesand resistance to apoptosa#ipwing the tumor
to evade the effects dKls (Zhu et al., 2019)
1 Crosstalk of target receptorswith other RTKs. When TKIs, such as those targetBGFR
are administered, they can inadvertently leatiédormation of a heterodimer between EGFR
itself and other RTKs in order to preserve tumor survival signaling pathways. A key example
is the overexpression of thesulin-like growth factorl receptor (IGF1RHuring EGFR
directed therapies in NSCLC. Under treatment, EGFR has been reported to interact with
IGF1R, resulting in the formation of heterodinseHeterodimerization activates IGF1R,
triggeringthe downstream PISKAKT signalingpathway resulting inenhared tumor cell
resistance tprogrammed celtleathand educed sensitivity to TKIfiu 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 resist@hce to
therapy

1 Low tumor immunogenicity. In order to evade immune recognitiorymors may
downregulate major histocompatibility complex (MHC) molecubesexpress insufficient
levels oftumorassociated antigeins.g, due tolow intrinsic TMBT leading toinadequate
activationand recognitiorof T cells against the tumor t®(Nagasaki et al., 2022; Zhou et
al., 2023)

1 Defects in antigen presentation machineryDeficiencies in antigen presentation play a

crucial role in primary resistance to immune checkpoint blockagi@apies One significant
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mechanism involves the downregulation of Midi@ss | molecules and the loss of function
o f -mbcbglobulin (B2M), which is essential for proper MH@lding and transport to the
cell surface. Mutations in thB2M gene areandeedamong the most common alterations

associated with resistance to IGGettinger et al., 2017; Jenkins et al., 2018)addition,

epigenetic changes affecting TAP (transporter associated with antigen presentation) can also

reduce MHC class | expressi(@ettinger et al., 2017; Jenkins et al., 2018)
1 Alterations in immune signaling pathways Genetic alterations in immusrelated
signaling pathways, such @ IFN-gsignaling pathway)AK-STAT, can disrupt the ability

of tumor cells to respond to ICls, leading to primary resistahm@mally, reactive T cells

recognize neoantigens on tumor cells presented by MHC class | molecules and release IFN

in the TME. This triggers the JAKSTAT signaling pathwayn tumor cells leading to
increasedumoralPD-L1 expressiorfJorgovanovic et al., 202Qigure VII ). Any alteration

in the tumor's response to the BN si gnal i ng pat fhlvexgressom n
induction, rendering ant?D-(L)1 therapies ineffectiveldentified mutations affecting the
IFN-0 signaling pathway primarily JAKLJAKEZdd e
STATland the IFNo r e cgenedFbGRILandIFNGR2(Zaretsky et al., 2016; Manguso

et al., 2017)
a Adaptive PD-L1 expression in response to b Tumour-intrinsic loss of interferon signalling negates
tumour-specific T cell response adaptive PD-L1 expression

Anti-PD1
Anti-PD-L1 Anti-PD1

Anti-PD-L1

— — e = S e
= ) (S = - S =
= « = <
PDL1 l
promoter! @
Effective PD1-PD-L1 immune checkpoint blockade ’ Ineffective PD1-PD-L1 immune checkpoint blockade

Figure VIl . Role of the IFN-0 signaling pathway in the expression of the PBL1 ligand i from Kalbasi &

Ribas, 2020 (A) Functional IFNo signaling pathway. The recognition of tumor neoantigens presented by the
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MHC class | complex by the-Tell receptor (TCR) of the activated T cell stimulates the release edIFNoy t h e

T cell itself. The binding of IFN0  t o tohe elcefdt or (I FN2R) expressed b
activation of Janus kinases (JAK) and signal transducer and actdfatanscription (STAT). The JAISTAT

signaling pathway activates the transcription of the-tFN r e gu | at ol, whicl ia twrh activatds e
transcription of PEL1. The end result is the adaptive expression of i P ligand by the tumor cell, which
negatively regulates the aitimor lymphocytic response. Treatment with @1 or antiPD-L1 antibodies

blocks the inhibition of lymphocyte activity induced by the interaction ofLRDwith the PD1 receptor(B)
Non-functional IFN9 signalingpathway. The releaseof IFDl by t he activated T- cell

2 signaling pathway in the t umeliismotindliced. Iwmtheesabsenceoh e a d

induced PDBL1 expression, treatmenttivantrPD-1orantiPD-L 1 anti bodi es becomes i ne
2 receptor. TCR: T cell receptor.
Moreover, he IFNo si gnal ing pathway also induces

complex, which is responsible for antigen presentation on the tumor surface. Tumor cells that
are insensitive tothe IFN  si gnal i ng pat hway may tkerefo
the MHC class | complex, allowing for immune evadialbasi & Ribas, 2020)

For what concerns RD1, as previously describethe expression of this checkpoint by tumor
cells can contributéo creating amfimmune shield that allows them to evade the antitumor
activity of effector Tcells.Beyondits role in immune evasion, it has been observed that the
expression and stimulation of AL 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 hasindeedbeen demonstrated that B2, when expressed on tumor cells, can
mediate intracellular signaling following stimulation by RDinducing antiapoptotic signals

that interfere with the classical apoptotic mechanisms triggered by the Fas ligand, thereby
grarting tumor cells resistance against the cytotoxic activity of T lympho¢issors et al.,

2018) Accordingly, the elimination ofheintracellular domairof 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 RD1 has beenndeedfound to trigger
signals that directly interfere witli-N signaling pathway, reducing tumor cell sensitivity to

its cytotoxic effects. This effect is mediated by sequences thPEytoplasmic tail, which

are capable of inhibiting the STATBaspase? pathway, activated by IFN, that regulates cell
apoptosis (Ga-Cafias et al., 2017Df note further studies have revealed that-PDcan
activate intrinsic signaling pathways even without binding telRhcreasing tumor cell
proliferation and survival by inhibiting autophagy or through the activation of mTORhwh

is involved in promoting tumor glycolytic metabolig@hang et al., 2015; Clark et al., 2016)

Recent evidence suggests that mutations or alterations ibhlP&xpression are closely

49



Introduction

associated with primary resistancd@s. For instance, amplification of tiRD-L1 gene can
lead to overexpression of PICL on tumor cellswhich may result in the saturation of the
interaction sites for ICls that target the RIPD-L1 axis(Straub et al., 2016; Yi et al., 2021)
Neverthelessyhile current evidence suggests thatPDplays a significant role in primary
resistance tdCls, further studies are necessary to fully elucidate these relationdlnps.
literatureindeedpresents conflicting data regarding the signaling ofLRDon tumor cells
While some studies indicate an oncogenic role ofLRDas previously described, othatso
demonstrate@ tumorsuppressive rolef this modulatorevidencing the complexity of RD
L1's function in cancer biologi{Vang et al., 2020)

Differently, t h e Watdnih pathwaypas demonstrated to loéten implicated in primary
resistanceto ICls. Activation of this pathway carndeedlead to a tumoepromoting
microenvironment that suppressesdll infiltration and function, thereby diminishing the
effectiveness of ICIgNagasaki et al., 2022)

Another critical pathway involved in primary resistateéClsis the PTENSTATS3 signaling
pathway. Loss of PTEN function can result in constitutive activation of STAT3, which
promotes an immunosuppressiV®E characterized by increased expression of immune
checkpoint molecules like RD1, and increased tumor cell survivi®eng et al., 2012;
Cretella et al., 2019)

Finally, genetic mutations inhe PI3K-AKT pathwaycan further contribute to immune
evasion. Tumors with such alterations miageedfail to respond to ICIs due to enhanced
survival signaling and diminished responsiveness to immuediated cytotoxicityfCollins

et al., 2022)

1 Immunosuppressive TME. Within TME, tumor cellscan 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 mgeloréd suppressor
cells (MDSCs), can inhibit the activity of effector T lymphocytes, himdetheir ability to
recognize and destroy tumor cdlchmidt et al., 2012; Yang et al., 2028§ditionally, M2
macrophages, which are often associated with tissue repair and tumor progression, can secrete
immunosuppressive factossich adL-10 and TGFb, that further inhibit Fcell activation
(Boutilier & Elsawa, 2021; Gao et al., 202Z}ancetrassociated fibroblasts (CAFs) also
contribute to the immunosuppressive microenvironment by secreting cytokines and
extracellular matrix componentscludingIL-6, TGFb and ,ha@arbt2 tumor
growth and inhibit effective immune respong&&bman et al., 2022; Zhang et al., 2023)
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7.2.2 Secondary resistance

Secondary resistance mechanism#Cis can overlap with those of primary resistance, but
they typically emerge after an initial response to ther@pjg main mechanisms are described below:

1 Selection of low immunogenic tumor cell cloneg\fter an initial response tiherapy

tumor heterogeneity becomes a critical factor as more immunogenic cells are targeted and

eliminated by the immune system. This selective prespemted by theeatmenand, more

broadly, by the immune system phenomenon known caalsad to thenmu n e

outgrowth of low immunogenitumorclones thaexpresgewer recognizable antigenstbat

show altered antigen presentation capabilities previously describedAs these less

immunogenic clones proliferate, they escape immune detection, diminishing the overall

effectiveness of the treatmgi@ejman et al., 2018; Zapata et al., 2023)

| Adaptive alterations in antigen presentationTumor cells may downregulate lose

the expression dfIHC moleculesjn order toredu@ theirrecognition byT cells and enabling

them to escape immune detect{@ornel et al., 2020)

1 Acquisition of mutations in signaling pathways.Tumor cells may acquire mutations

in pathways like JAKSTAT or PI3BKAKT, which can lead to resistance bypassing the

effects of ICIs or promoting survival signdfer more details refer tS8ection 7.2 Jl(Fujiwara

et al., 2020; Schoenfeld & Hellmann, 2020)

1 T-cell exhaustion.Chronic exposure to tumor antigens can lead-tellexhaustion,

which is a state aflysfunctional Fcell responseharacterized by upregulation of inhibitory

immune checkpoint, such #&D-1 and CTLA-4, with a decline in effector functionand,

consequently, reducesffectiveness of ICIs over tim@agasaki et al., 2022; Wang et al.,

2023)

1 Increased expression of alternative immune checkpointsy T cells Following

initial responses to ICIs, T cells may adapt by upregulating alternative inhibitory receptors,

such as TIM3, LAG-3, TIGIT and VISTA The co-expression of thesalternative

checkpoints caread to a more pronounced state of exhaustion, further dampéraaty

activation and functioanddiminishing the efficacy of ICherapy(Wuerdemann et al., 2020;

Wang et al., 2023)

7.2.3 Hypothesizethechanisms ohyperprogression

Although the mechanisms underlying hyperprogression during treatmenQlgtire not yet
fully understood, it is believed that they may involve processes related to both primary and acquired

resistance to IGherapy, as previously described. Among these mechanimrease ifregswithin
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theTME, loss of function of effector T cells, modulation of yfumorigenic soluble factors, aberrant
inflammation, and activation of oncogenic pathwhgse been proposégigure VIII ).

ICI
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Figure VIII . Hypothesizedbiological mechanisms underlying hyperprogression induced by treatment with ICI$

from Angelicola et al., 2021ICI therapy may functionally activate infiltrating regulatory T cells (Tregs), leading to an
immunosuppressive tumor microenvironmémME). At the same time, compensatory upregulation of alternative
immune checkpointdncluding LAG-3, TIM-3 and CTLA4, on effector T cells after ICI therapy may induceell
exhaustionImmune checkpoint blockade (ICB)ight also induce the expression of CD38 on tumor cells anebiFN
dependent recruitment of CD&&pressing myeloiderived suppressor cells (MDSCSs), resulting in immune suppression.
Moreover, ICI therapy may induce the upregulation of the immunaesepive enzyme indoleamine 2iBxygenase
(IDO1) and the increased secretion of immunosuppressive cytokines and soluble matestutéaginterleukin 10 (1L

10), angiopoietir?2 (ANGPT2) and interferogamma (IFNo ) i nTMIB. ICB tmight also functionally boost T helper

1 (not shown) and T helper 17 (Th17) lymphocytes, resulting in neutrophil recruitment and in an inflammatory
immunosuppressiv@ME enriched in interleukin 6 (H6) and interleukin 17 (I£17). In addition, ICIs may bind to Fc
receptordFcR) on tumorassociated macrophages (TAMs), resulting in a shift from M1 to an immunosuppressive M2
phenotypelCB may also induce an increase in cancer stem cells (CSC) and may activate orgiggahigpathways,

such aghose driven bpyDM2, PD-1, PDL1 and EGFR, thus promoting tumor proliferation. DC: dendritic. cell

| Expansion of infiltrating Tregs. It is thought thathe immune activatiomitially
stimulated by ICIsnayinadvertently leado a feedback loop that promotes the expansion of

Tregs a phenomenon known dsountersuppression’resulting in suppression of-dell
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efficacyand reduced effectiveness of immunotherd@arnaba & Schinzari, 2013; Champiat
et al., 2018)

1 T-cell exhaustion.Prolongedexposure to tumor antigens may lead to the exhaustion
of T cellsand to the compensatory expression of the alternative immune checkppdud,
LAG-3, TIGIT or VISTA, as previously describedAlthough ICIs aim to reinvigorate
exhausted T cells enhancing their gntnor activity, in some cases the persistent stimulation
of the immune system can exacerbate exhaustion rather than restellefnctionality
(Champiat et al., 2018)

1 Release of immunosuppressive mediators in the TMH is thoughtthat 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 instancel?’D-1/PD-L1 blockadehas demonstrated to increaselll secretion by dendritic
cells (DCs) and to induce the expressioleflO receptor (IELOR)on CD8 PD-1" T cells
(Sun et al., 2015; Lamichhane et al., 20&imilarly, ICI therapy has been associated with
increased levels ofngiopoietin2 (ANGPT2) which is an activator of prtumor M2
macrophages, anelevated levels of inhibitory molecules such iasloleamine 2,3
dioxygenas€IDO1), which promotesthe differentiation of TregéNu et al., 2017; Champiat

et al., 2018) Moreover, ICI therapy has also demonstrated tapregulate cluster of
differentiation 38 (CD38) on tumor cdlla weltkknown alternative immune

¢ h e ¢ k [eadingitd immune suppression and resistance to théChmn et al., 2018)

1 Aberrant inflammation. Increased secretion of inflammatory cytokines, including
IFN-0 , -6,lahd IL-17, released by helper 1 (Th1l) and Th17 cellsas been observed in
patientsunder ICI treatmentDulos et al., 2012)The cytokine storm derived from aberrant
inflammation, can not onlgromote tumor cell survival, proliferation, and metastdmis also
recruit neutrophils to the tumor sitand induceén macrophages thghift from the M1 (pre
inflammatory) phenotype to the M2 (immunosuppressive) phenoiygeh further stimulate
tumor survival(Champiat et al., 2018Notably,the interaction between the Fc domain of
ICIs and Fc receptors (FcRsjpressed by macrophadessalso demonstrate effectively
reprogram macrophages from the M1 to the M2 phenotype in patients experidREr{bo
Russo et al., 2019)

1 Activation of oncologenicpathways The activation of oncogenic pathways after ICI
therapy ighoughtto stimulate tumor growth and hyperprogression development. For instance,
the amplification of thé1DM2 gene, which is involved in p53 degradation and inhibition, has

frequently been reported in HPD patiefikato et al., 2017)In addition,IFN-2-induced
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interferon regulatory factor 8 (IRF&an induceMDM2 overexpression by binding to its
promoter(Zhou et al., 2009)Moreover, PBL signaling pathway has been also implicated

into HPD stimulation, as it has been demonstrated that the bindfbby PD1 1 di r ect e
ICIs can induce the activation of tlimcogenic PISKAKT signaling pathway, leading to
uncontrolledtumor cell growth (Ludin & Zon, 2017) EGFR activation has also been
implicated in HPD development, since it has been reported to drivelREpression on

tumor cells supporting tumor immune exclus{@kbay et al., 2013; Sun et al., 2018)

In addition to these mechanisnibe paperby Angelicola and colleagues albayhlighted
additional possible mechanisms of hyperprogression, specifically focusing on the rolesof |HNf
alternative immune checkpoint known@B38(Angelicola et al., 2021)

Regarding thdFN-o-dependent mechanisms of hyperprogression, this cytokine has been
shown to activate the inflammasome pathway in tumor cells by upregulatifigl RRpression,
which subsequently recruits MDSCs into the TNIEheivanthiran et al., 2020Mutations in the
cytoplasmic tail of PEL1 or in regulatory genes of the inflammasome axis may lead to increased
activation of this pathway, contributing to the development of hyperprogre@sigelicola et al.,

2021) Additionally, IFN-o has also beemeported toinduce IDO1 expression in tumor cells,
activating the JNK pathway, which in turn downregulates (&&anger et al., 2013Based on
existing literature, it can be hypothesized that hyperprogressive patients may exhibit constitutive
IDO1 expression, hyperactivation of the JNK pathway, and chronic inactivation ¢Apgalicola

et al., 2021) Furthermorejn the context of amypemctivated immune environmergsulting from

the concurrent stimulation of tumepecific CD8 T cells by ICkand TCRs by tumor antiger&N-

2 may trigger a compensatory process known as activatouced cell death (AICD), which helps
prevent uncontrolled immune responses by inducing apoptosis in TAmjslicola et al., 2021)

The immune checkpoint CD38 may also contribute to triggering the AICD process
(Angelicola et al., 2021)n addition, he upregulatiomf CD38 aftedCl therapymay alsdead to the
release of adenosine into thME, triggering the activation of ADORA receptors tumor cells
(Chen et al., 2018)Activation of these receptors has been shown to block theolFNp at hway
rendering tumor cells resistant to the cytotoxic effects of-3FN whi | e si mul t aneo
oncogenic pathways, such as the JNK signaling axis, leading to p53 downredMéatier& Palmer,

2011; Gessi et al., 201 7urthermore, CD38 has been implicated in activating tumor pathways
associated with hypoxia, establishing paracrineautdcrine signaling that promote tumor growth
and recruit immunosuppressive cells into the TME. Hyperactivation of these pathways specific

mutations or polymorphismajay contribute to the developmentHi®D (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 mechanisrasagfidrug resistance
and for developing new therapeutic strategiet® to overcome this clinical limitatioResistance to
targeted therapies liKEKIs andICls poses a significant challenge in the treatment of NS©It€n
leading patients to a therapeutic desd with few or no effective treatment options remaining
address thigimitation, various preclinical models have been established, ranging from cell lines to
genetically engineered mouse models (GEMtdgatientderived xenografts (PDXs). These models
help simulate the complexity of tumor evolution undargdpressure and provide valuable insights

into the molecular mechanisms that drive resistance.
8.1 Cellline models

Cell line models arene of the most widely used and accessible preclinical sydtams
investigating resistance to targeted therapiesance(Mirabelli et al., 2019)These models comprise
various established NSCLC cell lines that reflect the genetic and phenotypic divbsstyedn
tumors(Belloni et al., 2024)Some commonlysedNSCLC cell linemodelsare listed below.

1 A549 a humanlung adenocarcinoma cell line often uded sensitivity study of targeted
agents such as TKiBelloni et al., 2024)It has beerargely used for the study of the
mechanismsf resistance t& GFRtargetingagents like gefitinifRho et al., 2009; Zhao et
al., 2016; Liu & Gao, 2019; Tsukumo et al., 2020)

1 H460: ahumanlarge cell lung carcinoma cell linbathas been used to study both intrinsic
and acquired resistance to different TKIs, helping to elucidate sigrgdihgvays involved
in resistance mechanisr(shi et al., 2012; Patel et al., 2013; Sudo et al., 2013)

1 H1975 a humanlung adenocarcinoma cell lineharacterized by the presence of the
EGFR®*™Mmutation(Walter et al., 2013)This cell line model has largely been u$ed
the study ofesistance tmextgeneration TKIs like osimertinip/Valter et al., 2013; Tang
et al., 2016; Verusingam et al., 2021; Meraz et al., 2023)

1 PC-9: ahumanlung adenocarcinoma cell livehich harbordhe EGFRexon 19 deletion
showing sensitivity to EGFRlirected TKIs such agefitinib and erlotini(T. K. Hayes et
al., 2024) Researchers have developed gefiti@bistant variants of R@, known as PC
9/GR, to investigate the mechanisms underlying acquired residtaeegly-generation
TKIs (Hamamoto et al., 2017; Song et al., 2019)

In experimental investigations, these cell lines are often chronically expopeogressive
increaseatoncentrations of TKIs over time, in order to obtain resistant suldimescterized by the
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presence ofienetic alterations and signaling pathway changes associated with resistanbean
be investigatedKoizumi et al., 2005; Lee et al., 2016; Song et al., 2019)

Alternatively, cell line models can also be genetically modtieexpress specific mutations,
enabling the study of intrinsic resistance associated with genetic altesatdna£ GFRmutations
KRASalterationsor ALK rearrangement@ark et al., 2017)

The advantages of these models incluteir ease of manipulation and assessment
experimentalreproducibility due to thehomogeneityof cell cultures the possibility ofhigh
throughput drug screenirandcosteffectivenesscompared to more complex modélan Staveren
et al., 2009)Nevertheless, cell line models also faitecapitulate th& ME and immune interactions
presentin vivo, heavily limiting the complete understanding of drug resistance. In addition, the
prolonged expansion of cell culturi@svitro may result in genetic drift, resulting in alteratiamdoss
of their original featurefMirabelli et al., 2019)

Giventhese limitations, primaryggientderivedtumorcell cultures (PDCpffer more reliable
tumor models, as they bettecapitulate the heterogeneity and pathophysiologlyeobriginal tumor.
These models are obtained haintainingcancercells, directly isolated from tumor tissgeor
patiens Body fluids, under 2D tissue culture conditions for a short period of (ithésova et al.,
2022) Notably, many of the commonly used tumor cell lines mentioned earlier were irotitdiyned
from primary patientlerived tumor cultures. However, continuous passaging and immortalization
over time have rendered them less reliable when compared to freshly derivedl@i30ega et al.,
2022) Despite their advantagemd applicationsPDCsalso need to be complemented by other

preclinical models, as they alone cannot fully capture the complexity of tumor hiology
8.2 Patient-derived Xenografts (PDX)

Patientderived xenografts (PDXspnsist in thalirectimplantationof freshly excised patient
tumorfragmentsn immunocompromised mice, allowing for the growth and study of human tumors
in a live organisn{Jin et al., 2023)These models ataghly utilized in cancer research due to their
ability to retainthe heterogeneity and the biological features of the original tumdeed, PDX
models are able to maintain the complexity of the TME, including tumor cell interaction with stromal
or immune cellgLiu, Cui, et al., 2023; Fuchs et al., 202¥)oreover, 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 pati€hlisialgo et al., 2014PDX models have also
demonstrated strong predictive value in identifying biomarkers and testing the efficacy of both
molecular compounds and chemotherépgrridoLaguna et al., 2011; Hidalgo et al., 2011; Sartore
Bianchi et al., 2016)In addition, the establishment &DX-derived cell culturefPDXC) also

represents a useful platforior largescale screening of drugslrisova et al., 2022)
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Nevertheless, PDX models also show limitations. FKirshe establishment and maintenance
of these models can hene-consuming and expensivas they require higkexpertise in animal
handling (Liu, Wu, et al., 2023) Moreover, the percentage of successful engraftment may
significantly vary between different tumor types aaghplegNanni et al., 2019; Okada et al., 2019;
Yoshida, 2020; Landuzzi et al., 202[k) addition to thisPDX models frequently exhibit tHess of
human tunor stroma which is replacetdy murine strom&omponent®ver time, compromiag the
accuracy of certain studigSchneeberger et al., 2018Joreover, thefaithful preservatiorof the
original tumor's genomic profile over time PDX model § questionablgascontinuous passaging
mayresult inthe development of novel genetic alterations, potentiadigtingdiscrepancies between
the PDX and the patient's initial tumprJ i n et al ., 20 2 3, Findlly,becduse& OO
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 immunotherapighoi et al., 2018)However this limitation has been
effectively addressed through the development of humanized PDX modedatedby the
engraftment ohuman immune cells or tissues intomunodeficientmice, thereby establishing a
more accurate representation of the human immune environment in conjunction with the tumor
(Okada et al., 2019)Mice with reconstitutedhuman immune system nainly allow for the
examination of tumeimmune cell interactionsbut also provide a relevant platform for testing
various immunotherapies, includih@Is (Choi et al., 2018)Nevertheless, it is important to note that
these models only partialtyimic the human immungystem failing in represenhg a complete and
functional human immuneespons€Choi et al., 2018)

Overall, while PDX models offer significant advantages for studgargerdrug resistance,
careful consideration of their limitations is necessary for effective application in research and therapy

development.
8.3 Syngeneigreclinical models

Syngeneigreclinicalmodels are widely used in preclinical studiedN&CLC, particularly
for investigating tumermmune 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 isBrmouse strain®lson et al., 2018)These strains, such
as C57BL/6 or BALBI/c, are generated through sibling crosses for at least 20 generations, resulting in
a highly homogeneous genetic backgro@irdntaine & 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., 20180ne 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 h@Sbxena & Christofori, 2013; Sanmamed et al., 2016)
Moreover, syngeneic models are eeffective, easy to use, and are backed by extensive genetic
information, making them an accessible and robust tool for cancer refehecdn & Orsulic, 2011)
Two of the most widely useliing syngeneicnodels include the following
1 Lewis Lung Carcinoma (LLC) model. The LLC modelwasderived from a spontaneous
lung tumordeveloped in &£57BL/6 nouse(Bertram & Janik, 1980)It is one of the most
frequentlyused syngeneic models for lung cancer reseaatticularly forthe study othe
immune system's response to therapresnmunotherapy research, the LLC model has been
used to test the effects of afiD-(L)1 and antiCTLA-4 treatments, as well as évaluate
tumorintrinsic resistance mechanisms and immune evasion stra@yie®t al., 2020;
Olivo Pimentel et al., 2021; Lei et al., 2024)
1 LL/2 model Also known as LLC1/LL2 (Lewis Lung Carcinoma #)is modelis a subline
of the originalLLC model( Du S e t . Sariilarly to L1L.®, 8e5L)./2 modelwasderived
from a spontaneous lung tumor that developed in a C57BL/6 namuk# is also used for
preclinical testing of several therapeutic strategies, including immunotherapy and targeted
therapiegNing et al., 2009; Li et al., 2017)
Despitethdr several applicationsyngeneic models also have notable limitations. One key
drawback is the absence of human tumor targets, which means that imesporses may differ
from those observed in humdmased assaydung, 2014)Additionally, the rapid tumor progression
seen in syngeneic models does not allow for the development of the chronic inflammation typically
observed in human tumofGutierrez et al., 2021Yhe genetic homogeneity of inbred strains further
limits their ability to mimic the genetic diversity of human cangg&rsong et al., 2020Moreover,
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
| Cl's and may be mor msinhueénk, uch are moreanfmunodegi@tiemet t u mo
al., 2022)
Although syngeneic models provide valuable insights into teimorune interactions, their
limitations, such as reduced genetic diversity and differences from human tumor microenvironments,

should be consideratiiring preclinical investigations.
8.4 Genetically Engineered Mouse Models (GEMMS)

Genetically Engineered Mouse Models (GEMMSs) have emerged as a pivotal tool for studying

drug resistance itumors.GEMMs modelsare engineered to harbgpecificgenetic aberrations that
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mirror those found in human tumors, allowing them to phenocopy the malignancy and faithfully
replicate the genetic landscapdit tumor(Kersten et al., 2017; Lampreht Tratar et al., 20IBgse
models develop spontaneous tumibie arisein 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 off MiE, particularly for studies involving
immunotherapies. Moreover, GEMMs are waliited for assessing the efficacy of candidate drugs
and studying the effects of specific mutations or pathways in a controlled genetic bacKBexhret
& Holland, 2006) Of note all the GEMMs can be classified agngeneic 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:

1 GEMMs carrying EGFR mutations. Transgenic mice carrying two of the most common
EGFRalterations in NSCLQ,e., L8B58R missense mutation aimdframe exon 19 deletions
have been successfully establishEtese 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 EGFRKIs. This modelindeedenables the tracking of the
emergence of resistance to figgneration EGFRKIs (Arteaga, 2006; Politi et al., 2006)
GEMMs that also combine differeBElGFRmutations are also available for the study of the
complexity of NSCLC resistance to targeted theraf{as et al., 2022) Notably, GEMMs
models carryindeGFR mutations have also been utilized for studies of NSCLC resistance
to immunotherapylLe et al., 2021)

1 GEMMs carrying ALK rearrangements. Transgenic mouse models carrying EeL4-

ALK fusion have been developed for the study of the response and mechanisms of resistance
of ALK-rearranged NSCLC tALK inhibitors such as crizotinilgPyo et al., 2017)

1 GEMMs carrying ROS1rearrangements. GEMMs harboringCD74R0OS1and SDC4
ROS1fusions have been developed for the study of the pathogend2{3Sifrearranged
NSCLC and for the investigation of novel therapeutic strategies against this class of tumors
(Inoue et al., 2016)

1 GEMMs carrying KRAS mutations. Several transgenic mice harboridRASmutations,
including G12D and G12C mutations, have been developed fatuldg of the initiation
and progression ®§RASmutated lung tumor$or the identification of novedrugs targeting
KRAS signaling pathwaysand for the study of the mechanisms of resistance to KRAS
mutated NSCLGJackson et al., 2001; Johnson et al., 2001; Drosten et al., 2018; Lee et al.,

2023) Several models of GEMMs carrying-owutations oKRASand other genes have also
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been described. Some examples are the GEMM model characterizednbyional
mutations iINKRASand p53 tumor suppressor ger{@dackson et al., 2005; DuPage et al.,
2009) or models carrying emutations inKRASand Ink4a/Arf or Lkb1 (also known as
STK1) genedqJi et al., 2007)All these models showed increased progression of lung tumors
and metastatic lesions. Notablyetp53 and KRAS co-mutant GEMM model has been
extensively used for studying NSCLC resistance to immunotherapy, as theseagenes
frequently cemutated in human NSCL(Riccardo et al., 20145everal studies have also
demonstrated that lung tumors carryiffRAS and p53 co-mutations are highly
immunogenic, but they also develop several mechanisms to suppress the antitumor immune
responses, including RDL upregulation and recruitment of immunosuppressive cells
(Adeegbe et al., 2018; Boumelha et al., 20Hpally, the GEMM model harboring
KRAS®?Pmutation together witRTENknock-out has been used not only for investigations
regarding the tumorigenesis of human colorectal cancer (CRC), but also for thefshely
interplay between these genes in lung cancer progression and resistance to tfeapies
Seranno & Meuwissen, 2010; Davies et al., 2014; Berthelsen et al., 2021)

1 GEMMSs with knock -out of immune checkpoint. Transgenic mice characterized by the
loss d PD-L1 expression have been developed to investigate how the loss of tumoral
immune checkpoint influendamor immunityand resistance 1€Is. For instancea GEMM
model of EGFRmutant NSCLC withPD-L1 knockout has been used to investigate how
IL-6 can influence the TME composition and the response to ICI théPapsi et al., 2023)

Despite theadvantageprovided by the use of éisemodekin cancer researclGEMMsalso
have several notable drawbacks. One of the main limitations is their relativefMBAMcFadden
et al., 2016; SaleHrad et al., 2021)Human NSCLC, especially those driven by mutations in genes
like KRAS TP53 andLKB1, istypically characterized by a high TMB, often resulting in tumors with
diverse and complex phenotypes. In contrast, many GEMMs possess ornyintfagy driver
mutations and lack the additional protailtering mutations that contribute to tumor heterogeneity
(SalehiRad et al., 2021)This limitation makes it difficult for GEMMs to fully recapitulate the
mutational complexity of human NSCLQAn addition, GEMMs often suffer from genetic
homogeneity due to the use of inbred mouse strains, such as C57BI/6, where each mouse is genetically
identical to the other®kogers, 2019; Simond & Muller, 2020}his lack of genetic diversity contrasts
with the vast heterogeneity found in human cancer, wgmetic variability significantly influences
tumor behavior and treatment outcomisother significant drawback is that many GEMMs fail to
develop metastases, a hallmark of advanced NSCLC in hyayss et al., 20145ince 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 advancestage cancer and therapeutic responses in metastatic

settings.
As aresult, 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

studieg(Fitzgerald et al., 2021; Zhu et al., 2023; AbSteen & 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 decadefGaguolar, Girard, et al., 2010; Arnal
Estapé et al., 2021%ince exogenous factors.g, smoking habits, exposure to particulate matter)
can influence cancer cell phenotypes and their heterogeneity, these cetiflerefail to fully
replicate the complexity and diversity of treatment responses observed in pdtiatiter, the
continuous propagation of these modeiger time has likely altered their mutational profile,
potentially distancing them from the original tumor characteristias limiting their relevance in
contemporary resear¢hlynds et al., 2021)n contrastnewly derivedprimary cell linesstablished
from patients who have developed resistance to immunothenapgrgeted therapiesffer the
significant advantagef retaining the original tumor heterogenetyfeature that established cell lines
tend to lose oveime. 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 oncogendriven NSCLC, commercially available cell lines lack endogenous
representation of certain rare mutationg;luding specific uncommorEGFR mutations,BRAF
mutations, andROS1fusions(S-Y. Kim et al., 2019)In thisregard the significance of thpatient
derived cell cultures established in our laboratory lies in their unique genetic landscape, characterized
by rare mutations and distinct resistance prafiiéese 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 Metastafirected by Prof. Piekuigi
Lollini, we established panel of human NSCL@reclinical modelslerived from patients exhibiting
primary or acquired resistance to the leading approved therapeutic strategies, including tyrosine
kinase inhibitors (TKIs and immunotherapyln this context, bman tumor samplebave been
collected and used for the establishment of primary cell cultorgsatientderived xenografts
(PDXs).

In this study, a cohort of 23 patients was enrolled to investigate resistance mechanisms to
TKIl-based therapies in advanced NSCLC with rare mutations and/or immunotherapy resistance,
yielding a subset of samples that successfully generated primary taleswdr PDXs

Table 1 provides a detailed summary of the clinical and molecular characteristics of the

patientsenrolled in the present study
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Patient case

Tumor mutations

Therapy at the
time of sampling

Patient 6s cl

Progression disease after

ADK-VR2 SDC4R0OS1gene fusion Nonfe chemotherapy (firstine)
(baseling o
and crizotinib (secontine)
ADK-VR3 KRASG120 Chemotherapy Progression disease after
chemotherapy
LIBM -ADK-11 EGFRELXeins Osimertinib Progression disease after
osimertinib
Progression disease after
chemotherapy (firstand
ADK-13 KRASG12C Immunotherapy secondline). Slow
progression diseassdter
immunotherapy (thirdine)
. h I i i
ADK-14 BRAFS5" (classlll mutation) _ Cheme Slow progression disease
immunotherapy  after cheme@mmunotherapy
EGFR858R - Progression diseasdter
ADK-1 ' f e
S DDR2 mutation Gefitinib gefitinib
ADK-17 KRASS12C None(baseling Hyperp.rogressive disease
after immunotherapy
ADK-18 Immunotherapy
Progression disease after
chemotherapy (firstine)
ADK-19 KRASG12C Immunotherapy andhyperprogression
disease aftemmunotherapy
(secondline)
KRAS cximerint (ietine) and
ADK-20 FGFR3TACCS3 gene fusion Osimertinib h . h '
EGERELSe chemeimmunotherapy
(secondline)
Progression disease after
G13C chemotherapyfirst-line)
ADK-21 KRAS Immunotherapy .
and immunotherapy
(secondline)
ADK-25 KRASG12V . Chemao Hyperprog_resswe disease
immunotherapy  after chema@mmunotherapy
ADK-28 KRAS®G12C Immunotherapy Progressmn diseasdter
immunotherapy
EGRR, . . Progression diseasdter
ADK-30 EGFRRET gene fusion Osimertinib osimertinib
ADK-31 EGFR(exon 20amplification Osimertinib Progression diseasdter

osimertinib

Table 1.List of clinical cases with NSCLC enrolled in theesenstudy(table continues in the next pgge
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Patient case

Tumor mutations

Therapy at the
time of sampling

Patientods cl

Long responder, then
progression disease after

h . R
ADK-32 EGFR . Chemo osimertinib (firstline) and
immunotherapy .
chemeimmunotherapy
(secondline)
Progression disease after
chemeimmunotherapy
Chemao I .
ADK-34 KRASC12A , n (first-line), stable disease
Immunotherapy after chemotherapy
(secondline)
Progression disease after
chemeimmunotherapy
ADK-35 KRASG12C Sotorasib (first-line), chemotherapy
(secondine) and sotorasib
(third-line)
Progression disease after
. Chemo chemeimmunothera
ADK-36 BRAFDS96 (class Ill mutation) . chemeimmun Py
immunotherapy (first-line). Partial response
after erlotinib (secondine)
. Dabrafenib+ Progressive disease after
- V600E
ADK-37 BRAF (class | mutation) Trametinib dabrafenibt+ trametinib
Progressive disease after
h chemeimmunotherapy
ADK-38 KRASG12Y ¢ e”;" (first-line) and
Immunotherapy immunotherapy
(secondline)
ADK-40 n.d. Immunotherapy Rapid progressmn diseas
after immunotherapy
. P i i f
ADK-41 BRAF (class Il mutation) Immunotherapy rogressmn disease after
immunotherapy
ADK -42 nd. . Chemo Mlxed. response after
immunotherapy chemeimmunotherapy

Table 1 (continued. List of clinical cases with NSCLC enrolled in theesenstudy.

The establishment of cell lines from fresh tumor tissues achieved a success rate of
approximately50%, whereas PDXs demonstrated a higher success rate of &i&wnavith 11 out
of 15 PDXs successfully stabilize@f note, we alseffectivelyestablishedDX-derived cell cultures
(PDXC)from all the stabilized PDXs.

Figure 1 illustrates the growth curves of tledficiently stabilized PDXs, highlighting their

growth dynamicsand significant differences in tumor growth.
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A. - ADK-14 ADK-19 —— ADK-34
= ADK-17 —- ADK-25 -
& ADK-36 vs | ADK-14 ADK-17  ADK-18 ADK-25 ADK-34  ADK-36 ADK-38
- ADK-18 ADK-28 -o- ADK-38
ADK-14 n.s. n.s.
—_ ADK-17 n.s. * px * n.s. n.s. porkx n.s.
L]
E ADK-18 e * n.s. n.s. i ** n.s. *
; * n.s n.s. b n.s.
E
_g ADK-25 Hrx * n.s. n.s. orx e n.s.
2 n.s. n.s.
]
E ADK-34 * n.s.
= ADK-36 i il n.s. n.s. n.s. e
L} T L} T LI} L} T T T T T L} 1 ADK_38 ek .S,
0 2 4 6 8 10161820222426283032 ns

Minimum significance between group means, starting from 4t week after tumor engraftment,

Weeks from tumor graft
g except * = from 5" week and * = from 71" week.

B.
ADK-20 -= ADK-35
2.5q

e 201

o J vs ADK-35

@ *kkk

£

% ADK-35 | bt

>

3 Minimum significance between the group means
g starting from 3 week after tumor engraftment.
=

Weeks from tumor graft

Figure 1. Tumor growth curves of stabilized PDXs established from 11 NSCLC patientd he picture depicts the
tumor growth curves oPDXs established fromatients who underwent immunothera@) or targeted therap{B),
described inTable 1 (for each curve, n=2). Each point represents mean and SHMo-way ANOVA was used to
compare the group§A) interaction, p<0.001; volume,p<0.01; (B) interaction, p<0.001; volume,p<0.001. The tables
on the rightreportthe minimum level of significance betwegroup meansstartingfrom the 4" (A) or 39(B) week after
tumor engraftmenfunless otherwise specifigchs measured by tHaikeys posttests. * p<0.05, ** p<0.02** p<0.001
and **** p<0.0001 n.s.: not significant. SEM: standard error of the mean.
Within the panel of patierderived preclinical models described above, faeusedour
investigations oihe followingpatientderived cell lines
1 LIBM-ADK-11 and ADKVR2, employed in studies investigatitiggrole played by tumor
heterogeneity in theesistance to TKIs;
1 ADK-14 and PDXADK-36, usedo investigate novel therapeutic strategies for oncegene
addicted NSCLC orphan of effective therapies
1 ADK-17, ADK-18, ADK-19 and ADK?25, utilized to define the biological processes
responsible for resistance t€l-based immunotherapsnd identify novel therapeutic

optionsto effectively overcome.
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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 characte(BtiSayes et al., 2021)
This heterogeneity arises due to microenvironmental and treatment pressures, along with phenotypic
shifts driven by genetic and epigenetic alterati@isu 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 Tkbased therapiesljustrated by studyingwo NSCLC cell lines, ADKVR2 and
LIBM-ADK-11 (Table 1). Our findings from these modeldescribed belowgffer valuable insights

into theimpact thatumor heterogeneitgan affect the responseT&I-targeted therapies
2.1 ADK-VR2, a preclinical model of NSCLC carryinga SDC4ROS1translocation

ADK-VR2 cell line was established from the pleural effusion of a treatmane NSCLC
patient carrying &DC4R0OS1gene fusionthat was primarily resistant to crizotinib.

The low frequency oROSIfusions in NSCLGnevitablylimits theavailability of preclinical
models significantly hindering the understanding of the mechanisms underlying drug resistance, as
well as the developmeand identificatiorof optimal therapeutic approaches to overcome it

In the present studyye characterized the ADR/R2 cell line modebnd its subpopulations
resistant to crizotinip proving its potentialas a new preclinical model for investigating novel
therapeutic approachesROSrearrangedNSCLC.

The following sections describe thevestigations conducted and the results obtaiRaed of
thedatadescribedelowwerealsoincluded in the manuscript Ruzzi, Angelicola et Bftanslational
Lung Cancer ResearcB022(Ruzzi, Angelicola et al., 2022)

2.1.1 Clinical history andtumor molecular data of the patient

At the moment of diagnosis, the patiendGayearold Asian, norsmoker maleaffected with
stage IV NSCLCrevealed extensive right pleural effusion and pulmonary spreecbrding to
cytological and molecular analyses on pleural effusion cells, the primary tumor was posikivVe for
andBerEP4expressionKigure 2A,B), and showed a RD1 tumor proportion score (TP®f 25%
(data not shown). In addition, the tumor was negativE@FR KRASor ALK alterations. The only
identified alteration,detected througmextgeneration sequencingNGS), was SDC4ROS1gene
fusion(Figure 2C).

As a firstline treatment, the patient received chemotherapy, consistaigptdtin (75 mg/rf)
and pemetrexed (500 mgfjrevery 3 weeksup to fourcycles. At the time ofhe firstradiographic
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tumor assessment, progressive disease was observed. Therefore, according RDBhstatus, a
secondine treatment with crizotinil250 mg twice daily wa#nitiated, along withgammaknife
radiotherapyto addresshree brain lesiondJnfortunately, after two months of Tilased treatment,

the patient experienced once again disease progreagiiomepatic and bone metastases, pulmonary
lymphangitis, and peritoneal carcinomato€iensidering the fast disease progression to TKI therapy,
a liver biopsy wa performed to investigate the molecular profile of the disddésmatoxylin and
eosin(H&E) staining showed the profile of an adenocarcinoma aitlacinaistructureexpressing
TTF1 (Figure 2D,E), while fluorescence in situ hybridization (FISH) testing confirmed the presence
o f ROSideletion in 62% of analyzed cellBi§ure 2F).

A. B.

| s

N-terminus e32 34 e35 C-terminus

| SDC4-ROS1 (exon 32)

Figure2.Mol ecul ar and morphol ogi cal c har act @ytological teil Watcks o f p a
from malignant pleural effusion of the patient at the diagn@jsH&E staining showing aggregates of neoplastic cells
(arrows) x10 magnification.(B) TTF1 staining evidencing a focal positivity (arrows)10 magnification.(C)
Representative illustration of th@DC4exon 2}ROSIexon 32) rearrangemen{D,E) Liver metastasis(D) H&E
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staining.(E) TTF1 staining(F) FISH image showing thROS1fusion on liver biopsy. Circled areas represent positive
cells to 5'ROS1 fusion (magnification DAPI x100)H&E: Hematoxylin and eosjnFISH: fluorescence in situ

hybridization
Following palliative radiotherapy, a thilthe treatment with lorlatinib was proposed for
compassionate use,butas not administered due to rapid

exitus

2.1.2 In vitro sensitivity ofthe ADK-VR2 cell line to ROS4irected TKIs and chemotherapeutic
agents

Firstly, the sensitivity profile of the ADKWR2 cell line to multiTKIs, ALK/ROS1-directed
TKIs and pemetrexed was evaluated and compared to the oneHsE@é&8 cell line HCG-78 isa
commercial cell line carryinghe SLC34A2R0OS1fusion representing the most used preclinical
model ofROStrearranged NSCLC cell line for drug sensitivity tdfavies et al., 2013; Terrones
et al., 2023)

Considering the clinical history of the patient, who showed no response to tHendirst
chemotherapy and secchde crizotinib treatment, the sensitivity of ADXR2 to pemetrexed and
crizotinib was tested in 2D culture conditions. ABMR2 cell line showed lower sensitivity to
pemetrexed compared to HE cell line (Cse: 0.068+0.013 and 0.0096+0.0009 yivespectively
(Figure 3A). Of note, the sensitivity observed in the HZE cell line was in accordance with
previously published dai@avies et al., 2013)As for crizotinib, the 2Byrowth of both ADKVR2
and HCG78 cell lines was partially inhibited by the drug £400.553+0.08QuM and0.4@+0.249
UM, respectively (Figure 3B).

The sensitivity of the cell lines to negeneration ROS#lirected TKls was then evaluated in
both 2D and 3D culture settings. Under adherent culture conditions, the growth eVRRKvas
unaffectedy lorlatinb, entrectinib or D8051b (Cso>1 pM, at leagt while HCG78 showed higher
sensitivity to the drugs (lorlatinib, Kg<0.01 uM entrectinib, 1Go: 0.2967+0.1182 uMDS-6051b,
ICs0: 0.4309£0.2459 pM(Figure 3C). In contrast, in the 3D culture setting, ABKR2 sensitivity

di

to the drugs was enhanced, as not only its colony formation ability showed increased inhibition in

presence of crizotinib and entrectinib as compared to HA&Cell line, butcell growthwas also
almost completely inhibited by lorlatinib and B851b, which resulted tbe more effective than
crizotinib (p<0.05 by unpairettt e st wi t h  We (Figune®B). Lorlatinilo veas also marne)
effective in reducing ADKVR2 sphere formation abilityCso: 0.0003+£0.0001 uN] as compared to
DS-6051b (IGo: 0.0013+0.0000 uW crizotinib (IGso: 0.0040+£0.0003 puMand entrectinib ICso:
0.023+£0.086 uM) (ICsopc o mp ar i s o n tdeygt: loBatinibdsecmzotidils and DSE051bvs
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crizotinib, p<0.01; lorlatinibvsDS-6051b and entrectinilp<0.05 DS-6051bvsentrectinih p<0.05.
(Figure 3E).

A. B.
1404 -~ ADK-VR2 120 -o- ADK-VR2
_ 120-/R « —® HCC-78 100 - HCC-78
€T g0l €%
s S 807 52
S % 60l 65
5860 NN+ 8 Lo RO
o O 404 *%
= S
20 T 20
0 TTTTTrT —TTrTTTy TrrTrnT 04— ——
0 0.001 0.01 0.1 0 0.01 01 051 25 10
Pemetrexed (uM) Crizotinib (pM)
C. ADK-VR2 Hcc-78 D. W HCC-78 Bl ADK-VR2
+ Lorlatinib - Lorlatinib
-o- DS-6051b -e- DS-6051b 100+
-&- Entrectinb -+- Entrectinib e - s "
Em
3o .
o
3 PE  60-
] oo o
£ £ o >
6 ¢ g0 I
° £ X 20+
X o =~ J
£ g i
0_ E— A e
; © © o
\éo ,&‘\ ,'é(‘\ g:\
& & &E S
Drug (uM) $ % &9

-e- Crizotinib
-8- Lorlatinib
-©- DS-6051b
-&- Entrectinib

Spheres
(% over vehicle)

Drug (uM)

Figure 3. In vitro drug sensitivity of ADK-VR2 and HCC-78. (A) ADK-VR2 and HCG78 sensitivity to pemetrexed

in 2D culture conditon§ n =2 ) . * , p < 6tesO Bachlpgint I8grasahts meaardasmd SBYIADK -VR2 (n=8)

and HCG78 (n=4) sensitivity to crizotiniin 2D culture conditions * * p <0 . G-test. lkach @intuedresents6 s

mean and SEM(C) ADK-VR2 sensitivity to lorlatinib (n=4), D$051b (n=3) and entrectinib (n=8) 2D culture
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conditions HCC-78 sensitivity to lorlatinib (n=2), D$051b (n=2) and entrectinib (n=8) 2D culture conditionsEach
point represents mean and SED) Soft agar 3Bgrowth in the presence of crizotinib 0.01 pM (H@8, n=4; ADK-
VR2, n=6), lorlatinib 0.01 pM (HC&'8, n=2; ADK-VR2, n=4), entrectinib 0.01 uM (HGE8, n=2; ADKVR2, n=2)
and DS6051b 0.01 pM (HCE78, n=2; ADK-VR2, n=2). *, p<0.05and ***, p<0.001 by St u-test.rEach bar
represents mean and SE(E) ADK-VR2 sphere formation ability in presence of crizotinib, lorlatinib-@51b and
entrectinib (n=2). Each point represents mean and SEM.: S&Mdard error of the mean.

In summary, ADKVR2 cell line was patrtially inhibited by crizotinib, but was unaffected by
other TKIs such aforlatinib, entrectinib and D8051h in 2D culture conditions. The activity of
these TKIs dramatically changethder3D culture settings, as in these conditions ABR2 was

almost totally inhibited by lorlatinib and BD&51b.
2.1.3 ADK-VR2 tumorigenic and metastatic ability and in vivo sensitivity to crizotinib

In order to assess theimorigenic potentialof ADK-VR2 in vivo, the cell line was
subcutaneouslfs.c.)injected inimmunodeficient mice and the resulting tumors were phenotypically
characterized. The miagerived tumorsexhibitedfeatures thatlosely resembled the ones of the
primaryp at i ent 6 s particoarly intermsmob H&E staining and TTF1 expresgiéigure
4A,B).

The metastatic potential of the cell line was @galuated by intravenolsv.) injection into
immunodeficient miceADK-VR2 cell line demonstratealhigh capacity for experimental metastasis,
inducing a significant burden of lung metastagegure 4C,D).

Following the assessment iofvivo cell growth we also tested the sensitivity of ABDKR2
to crizotinibin vivo. Surprisingly crizotinib significantly inhibited tumor growth as compared to the
control group, although it did not completely eradicate the tuntantifsy from thes8" day after cell
injection,p<0.01 at least, bywo-way ANOVA test andBonferroni's postes) (Figure 4E). A slight
reduction in spontaneous lung metastatic burdetermined by detecting human cells in the mice's
lungs viaRealtime PCR RT-PCR), was also observed in the crizotitifleated group as compared
to the untreated on€&igure 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 bygubcutaneous (s)dnjection of ADK-VR2 cells in immunocompromised miq@) H&E staining. x20
magnification (B) TTF1 staining. x20 magnification(C) Representative pictures of lung metastases of
immunosuppressed mice receiving an intrvenous (i.v.) injection of AMBR cells. Arrows indicate some metastatic
nodules,(D) Lung metastatic burden of immunosuppressed mice recdivinigjection of ADK-VR2 cells, quantified

by RT-PCR.A negative control consisting of only mouse cells was included in eaci{@®e€Bf human cells Horizontal

line represents the mediaffi) Tumor growth of ADKVR2 cells s.c. injected in immunosuppressed mice treated with

crizotinib (n=4), or not treated (n=5)wo-way ANOVA was used to compare the groups (interaction, d0t@eatment
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p<0.01). Starting from 68 day after cell injection**, p<0.01 at leastby Bonferroni's postest(comparison between
group means}Each point represents mean and SEMN Lung metastatic load of mice groups describeEn quantified
by RT-PCR. Horizontal line represents the median. H&E: hematoxylin and €&0BiRCR: real timgpolymerase chain
reaction; SEM: standard error of the mean.

In summary, ADKVR2 cell linedemonstrated strong tumorigenic and metastatic capabilities
when injected into immunosuppressed mi&dditionally, consistertly with in vitro findings, the

growth of ADK-VR2-derived tumors was heavily inhibited by crizotinib.
2.1.4 In vitro selection of an ADKVR2 crizotinibresistant variant

Giventhe discrepancy betwe&DK-VR2 response to crizotinib treatment and the clinical
responsebserved in the patient, weolateda crizotinibresistant cell line clonfom ADK-VR2
cells cultured in the presence of crizotinib under 3D conditioasely, AG143 clone)Of note,
according to the Oncomine panel, ADKR2 AG143 did not acquireany additional genetic
alterations and retained the saR@S1rearrangement observed in the parental cell lseexpected,
ADK-VR2 AG143 clone showed a significantly lower sensitivity to crizotinib as compared to the
parental cell line in 2D culture settinCéo >1.5 uM) (Figure 5A).

As for nextgeneration ROS1 inhibitors, ADKNR2 AG143did notshowany2D-response to
lorlatinib, entrectinib and D$051b, similarly to what had been observed in the parental cell line
(Figure 5B).

Under 3D culture condition&DK-VR2 AG143 clone=xhibited reduced inhibition of colony
formation ability by crizotiniband DS6051b, while maintaining similar sensitivity to lorlatinib and
entrectinib, as compared to ADXR2 (Figure 5C). Notably, lorlatinib and DS6051bwere more
effective than crizotinilin inhibiting the 3Dgrowthof ADK-VR2 AG143(Figure 5C).

Interestingly, the clonexhibited a reduced capacity for sphere formation under anchorage
independent culture conditioms compared to the parental cell liIMdDK-VR2 AG143, number of
spheres 95+7, n=4; ADK/R2, number of spheres 164+7, n9% 0. 00 1 , b ytestpt ud e
Furthermore, treatment with RO@lirected TKIs was less effective at inhibiting the sphere formation
of the clonecompared to ADKVR2 cell line Figure 5D). Nonetheless, simillyr to the previous
observations in the parental cell linerlatinib (ICso: 0.003+0.001puM) was morepotent than
crizotinib (1Gso: 0.024+0.010 pM), entrectinib (1Go: 0.059+0.011 pM and DS6051b (IGo:
0.106+0.011 puM in reducing the number of spheres formed by AWR2 AG143cells (lorlatinib
vsentrectinib and D$051h andcrizotinibovsDS-6051h p<0.05b y St u-tds (rigudesD).
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Figure 5. In vitro drug response of ADKVR2 AG143 compared to ADKVR2. (A) ADK-VR2 (n=8) and ADKVR2

AG143 (n=2) sensitivity to crizotinib in 2D culture conditions. *, p<Q.9% p<0.01and* * * ,

p<0.00t

test. Each point represents mean and SEYIADK-VR2 AG143 sensitivity to lorlatinib (n=2), D6051b (n=2) and

entrectinib (n=2)n 2D culture conditionsEach point represents mean and SKEB).Soft agar 3Bgrowth of ADK-VR2

and ADK-VR2 AG143 in the presence of crizotinib 0.01 pM (n=4), lorlatinib 0.01 pM (n=4), entrectinib 0.01 pM (n=2)
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and DS6051b 0.01 pMn=2). ***, p<0.00land* * , p <0 . 0 1 t-tdsty Eachthar cbgresents mean and SEWV.
ADK-VR2 AG143 sphere formation ability in the presence of crizotinib, lorlatinib60&Lb and entrectinib (n=2). Each

point represents mean and SHHE) Western blotting analysis on ADKR2 and ADKVR2 AG143 cells treated or not

with crizotinib or lorlatinib 0. M or 1 eM) . Actin was used as ho®EMekeepi
standard error of the mean.

To examinehe differentially activated signaling pathwaletermining theesponse of ADK
VR2 and ADKVR2 AG143to crizotinib and nexgeneretion ROSTKIs and the variations in drug
sensitivityobservedased on cell culture conditiond/estern blot analyses were perfornwedthe
cell lines grown in 2D culture conditions in presence of crizotinib or lorlatinib treatmieigisré
5E). Crizotinib treatment did ngtarticularlyaffect HER1or STAT3activation in either the ADK
VR2 or the ADKVR2 AG143 ell line. In contrast, lorlatinib enhanced HER1 activatiomrAIDK -

VR2 cell line. As for STAT3, interestingly lorlatinib showed an opposite effect in the two cell lines.
Indeed, while the drug markedlynhibited STAT3 activation in the ADR/R2 cell line, it
hyperactivated the prein in the ADKVR2 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. Differentlyrizotinib stronglyreduced MAPK activation in botthe cell
lines(Figure 5E).

To conclude ADKVR2 AG143 cell line characterization, we tested its tumorigenicityvo
through s.c. injection in immunosuppressed mice. inhevo growth of the clone resulted to be
slower as compared to the one of the parental cell liaeti(ey from 29 week after cell injection,
p<0.001 at least, bytwo-way ANOVA test andBonferroni's postes) (Figure 6A). Notably, he
ADK-VR2 AG143derived tumors retained tigstologicala nd phenot ypi cal feat
tumor sampleRigure 6B).
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Figure 6. ADK-VR2 AG143in vivo growth. (A) Comparison of tumor growth of ADKR2 and ADKVR2 AG143
cells subcutaneolys(s.c.) injected in immunosuppressed mice (n=3 for each growm:way ANOVA was used to
compare the groups (interaction, p<@.Ovolume p<0.001). Starting from the ? week after cell injectiort**, p<0.001

by Bonferroni's postest (comparison between group mearS8ach point represents mean and SEB). Phenotypic
characterization of a representative tumor induced by s.c. injection of\VARIK AG143 cells in immunosuppressed
mice. Left, H&E staining. x20 magnification. Right, T-IFstaining. x20 magnificatiotd&E: hematoxylin and eosjn

SEM: standard error of the mean.

In summary the crizotinibresistant ADKVR2 AG143 clone showed no response to next
generation ROSTKIs under 2D culture conditions, but demonstrated marked sensitivity to lorlatinib
in a 3D culture settingNotably, ADK-VR AG143 clonealso exhibited a reducedbility to form

sphers and slowem vivogrowth as compared to the parental cell line ABR2.
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2.2 LIBM -ADK-11, a cell line derived from an osimertinibresistant NSCLC patient carrying

an uncommonEGFR mutation
2.2.1LIBM -ADK-11 phenotypicalcharacterization and in vitrarug sensitivity

The LIBM-ADK-11 cell line was derived from the pleural effusion of a NSCLC patient
carrying a rare EGFR mutation éxon 19 p.Leu747_Pro758linsSep, who progressed following
osimertinibbasedreatment.

The phenotypic characterization of the cell line reveatedenotable variations in its protein
expression profileacross successivia vitro cell passages. The cytofluorimetric analysis indeed
initially highlighted the presence of a subpopulation of cells highly expredsgD44 marker,
which was however progressively lost oven vitro passagegpercentage of CD44cells, 14" in
vitro passage 31% 43¢ in vitro passage 0%) (Figure 7A). Similarly, an HERS3%°9ave cel|
subpopulation was also loatrossn vitro passagegFigure 7B). While HER1 expression showed
no noticeablevariations Figure 7C), HER2, in contrast, exhibitea broad expression profile in the
FACS histogranof low-passage cells, which subsequently narrowesduccessive cell passages

indicating a shift towards a more defind&R2 expression patterfirigure 7D).
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Figure 7. LIBM -ADK -11 phenotypical characterization overin vitro cell passages. (ALD24 and CD44 expression
on different LIBMADK-11 in vitro cell passageqB) HER3 expressioron different LIBM-ADK-11 in vitro cell
passageMedian Fluorescence Intensity (MFI),"1dassage: 15; #passage: 22; $5assage: 37; §Ppassage: 35; 43
passage: 43C) HER1 expressionn different LIBM-ADK -11in vitro cell passage$Fl, 14" passage: 49; S(passage:

30; 28" passage: 58D) HER2 expressionn different LIBM-ADK -11in vitro cell passage$Fl, 14" passage: 31; 50
passage: 35; 5assage: 64.

Considering these variations in the phenotypic profile of LIBBIK-11 during cell culture
propagation,tiesensitivity ofLIBM -ADK-11 cell lineto multiple EGFRnhibitorswas evaluated in

2D culture conditionson both low and higipassage celldnterestingly, then vitro response of the

cell line to EGFRtargeted TKIs appeared to be influenced by its passage nundesd, vhile low-
passage LIBMADK-11 cells (LP-LIBM-ADK-11, 12" and 1% passagéswere resistantto
osimertinib treatment in 2Bulture conditiongICso: 7.11+0.59 ¢ N, high-passage LIBMADK-11
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cells (HP-LIBM -ADK-11, 36" and 429 passag@sreacquired the sensitivity to the drgiso:
0.09+£0.04 ¢ M (Figure 8A).

A similar difference in cell sensitivity to oth&GFR TKIs, i.e. erlotinib and afatinibwas
observedbetween low and higpassage cellgerlotinib, LP-LIBM-ADK-111Cs0: 1 6 . 2 7 N4 . 2 2
HP-LIBM -ADK-11 ICso: 0.1540.07 ¢ M afatinib, LP-LIBM -ADK-11 ICso: 6.35+2.49¢ M HP-
LIBM-ADK-111Csc: 0.01+0.00e M (Figure 8B,C).
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Figure 8. LIBM -ADK -11 2D-sensitivity to EGFR-directed TKIs over in vitro cell passaged_ow-passage (LPand
high-passge (HP) LIBM -ADK-11 sensitivity toosimertinib(A), erlotinib (B) and afatinib(C) (n=1, eaclone with 3
technical replicatesfach bar represents meamdSEM. SEM: standard error of the mean.

In summary, phenotypical and functional featuséthe LIBM-ADK-11 cell ling including

protein expression profiles amvitro response to EGFRirected TKIsweremarkedlyinfluenced
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by in vitro cell passagelLP-LIBM-ADK-11 cells which showedthe presence o€D44"" and
HER3™%vece|| subpopulatios) were resistant to EGFRKIs in vitro. In contrast HP-LIBM -ADK -
11 cells, which lost th€D44"9" and the HER"®9"eécell subpopulatios, regainedn vitro sensitivity
to EGFRTKIs.
2.2.2 Investigation of the role ofhe CD44"9" LIBM -ADK-11 cell subpopulation in simertinib
resistance

To verify if the CD44'9" cell subpopulatiomdentifiedin the LRLIBM -ADK -11 cell linewas
involved in its resistance ©GFR inhibitionin vitro, LP-LIBM -ADK-11 cells were sorted to isolate
the twoCD44"9" and CD4%" cell subpopulations

As previously shownthe phenotypic characterization of LB BM -ADK-11 cell line had
evidenced the presence of cell subpopulations with differential CD44 expréEsyome 7A).
Specifically, the cell lineeomprisedtwo distinct cell subpopulationsexhibiting differentlevels of
CDA44 expressiarP2 (CD449") andP4 (CD4#Y) (Figure 9A).

P2CD44"9"and P4CD44°" wereisolatedfrom theLP-LIBM -ADK -11 cell lineusing sorting
and their CD44 expression profile wassessednd compared to the one of the-gmeted parental
cell line (Figure 9B).

A. B.
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103—5 1
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Figure 9. Isolation of P2-CD44"" and P4CD44°" cell subpopulations from the LRLIBM -ADK-11 cell line
through cell sorting. (A) Dot plot of LP-LIBM -ADK-11 celk stained for CD44 and C2markers showing the gates
P2 and P4 used to sort the correspondefttsubpopulatios. (B) Schematic representation of {LPBM -ADK-11 cell
sorting (left) and percentages of CDdApressing cells in each cell populatimefore (presorter) and after (P2 and P4)

the sortefright, n=2) SEM: standard error dhe mean.

To determine whethethe presence of the CD¥# subpopulatiorwas responsibléeor the
differential sensitivity to EGFRKIs in LP-LIBM-ADK-11 and HPLIBM -ADK-11 cell linesthe

individual sensitivity of the RZD44"" and P4CD44°" cellsto osimertinib was tested vitro.
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As expected, PZD44"9" cells were resistant to osimertinib in 2&ilture conditions (16:
8.413+0.412uM) (Figure 10A), similarly to what had beereviouslyobserved for LALIBM -ADK -

11 (Figure 8A). On the contrary, RED44°" cellsresulted to be as sensitive to osimertinib as HP
LIBM-ADK-11 cells(ICse: 0.068+0.001uM) (Figure 8A andFigure 10A).

In order to explorehe molecular mechanisms determining the differeintiafitro response
of the two sorted cell lines to osimertinib, the state of EGFR phosphorylatRih arid P4ells was
evaluated in presence or not of the treatni@aspite the insensitivity of the R2D44"9" sortedcell
line to osimertinibin vitro, the EGFRTKI significantly inhibited EGFR phosphorylation in both
sorted P2CD44"" and P4CD44°" cells as compared to vehicle (p<0.05 by One Sample } test
(Figure 10B), suggesting a mechanism of resistance to osimertinib in #@DR2Z"9" cell line not
affecing the inhibition ofEGFR phosphorylation.

To confirm the roleplayed byCD44"9" populationin osimertinib resistance, we treated-LP
LIBM-ADK-11 cells with osimertinibin vitro for 3 to 6 days and monitored changes in the CD44
expression profile over timdhe results showed that osimertimifnluceda progressive increase in
CD44 expression on treated cellgth a notable rise observed as early as 72 hours after treatment
(osimertinibvs vehicle, percentage of CDAY cells: 43%vs 16%) (Figure 10C). After 6 days of
treatment, this effect resulted iddold increase in the percentagiethe CD44'9" cells as compared
to the vehicle gsimertinibvs vehicle, percentage of CDA# cells: 38%vs 9%) (Figure 10C).
Notably, osimertinib treatment also resulted siraultaneousprogressive reduction in the CD%4
cells fraction(osimertinibvsvehicle, percentage of CD3%cells after 6 days: 584589%) (Figure
10C).
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Figure 10. In vitro response of P2CD44"" and P4CD44°" sorted cell lines to osimertinib and osimertinib
influence on CD44 expression. (AP2-CD44"" and P4CD44°" sensitivity to osimertinilin 2D-culture conditionsri(=2
biological replicateisA and B for each cell ling (B) Effect of osimertinib treatment (O) on EGFR phosphorylation in
P2-CD44"" and P4CD44°" sortedcells as compared to the vehicfé) (p<0.05 by One Sample t test, n=@}) CD44
and CD24 expression profiles of {LtPBM -ADK-11 after 72 or 144 hours of treatment with osimertinib 1 uM or vehicle,
assessed by cytofluorimetric analysis.

To sum upjsolation of P2CD44"" and P4CD44°" cell subsets from LRIBM-ADK-11
through cell sortingfollowed by their sensitivity testing to osimertiptmnfirmedthat the CD4%9"
cell sulpopulation was indeed the source of osimertinib resistarioe LP-LIBM-ADK-11.
Furthermorepsimertinibtreatment of LFLIBM -ADK-11 cells led t@ reversal of the ratio between
CD44"9" and CD44£" cellsover 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, theranscriptome oP2 and P4 cell linewas investigated for comparisofhe results
identified 3517 differentially expressed genes between the cell preedj €0.01 and Log2FC >1 or
<-1), of which 1983 ugregulated and 1534 dowegulated in the P2 cell line compared to Pig(re
11A). Analyses conducted through thgnrichr platformallowed us to identifythe biological
processes which the differentially expressed genesreinvolved (Figure 11B).
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Figure 11. Transcriptome analysis of sorted P2 and P4 cell lines. (A)eatmap showing the.og10 adjusted yalue
of differentially expressed genespj <0.01 and1l<Log2FC<1) in P2 and P4 cell®) Bubble plot showing the main
biological processes enriched upregulated and dowregulated genes, identified by over representation analysis of
differentially expressed genekhe size of the dots represents the absolute number of differentially expressed genes
According toover representation analysig-regulated geneas theP2 cell linewere involved
in several biological processes, includiexfracellular matrix assembly and remodelifFAP4,
EFEMP2 HAS1 PXDN HAR, HAS3, EMILIN1, GASG FBLNS5, LAMAZ LRP1, LAMB2 PRDM§
ZNF469 NID1, AGT, DDR2), hyaluronarbiosyntheticorocess CEMIP, HAS1HAS2, HAS3L1B),
activation of MAPKsignaling pathway (among the-oggulated gene€D40, FGF1, FGF2 ROBO1,
TNFAIP8L3, CCN2, PDGFRA, PDGFRB, I1L11, MAP2K1, NRG1, MTURN, IL1B, ROR2, GASG6,
CD44, NOTCHZ2 andregulation of Wnt signaling circuitamong the upegulated genesGLI3,
SOX7, SOX9, IGFBP1, IGFBP4, IGFBP6, CAV1, WNT5A, COL1Al, ZEB2, BMP2, SNAI2,)FGF10
Notably, several genes involved epitheliatmesenchymal transitiofEMT) and cell

plasticitywere also found to be upregulated in the P2 cell line as compared to the Pd.@NAIL,
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SNAI2, SOX9, FGFR1, SMAD3, TWISTL, ILC®L1A). In contrast, genes involved in cekll
adhesion resulted to be dowegulated in P2 cells as compared toPdgure 11B).

Additionally, transcriptomic analysis also highlightedignificantlyincreased expression of
the ERBB3gene in the P4 cell line as compared to the P2 bog2FC:-2.931, p-adj: 1.46E08).
Thesedatasuggest thathe CD44'9" population observed in the lepassage LIBMADK-11 cell
line, which is lost oven vitro passagesnayindeedbe an HER®" cell subpopulationexplaining
the changes in HER3 expressmsservedn high-passage LIBMADK-11 cells Figure 7A,B).

Taken together, these findings suggest a distinct difference in key molecular pathways
between P2 and P4 cell lineggarticularly those involvedh cell plasticity, extracellular matrix
remodeling, and growth factor signaling, which may underlie the phenatyditunctionathanges
observed between early and ptessage LIBMADK-11 cells

3. EXPLORING NOVEL THERAPEUTIC STRATEGIES FOR DRUG -
ORPHAN NSCLC MUTATIONS

Despitesignificant advancements in targeted therapies for NS@L€libstantial number of
driver mutations remain orphanddgcking effective treatment optiofBois et al., 2021; Friedlaender
et al., 2024)Among these orphan mutatiolBRAFclass Il mutations are particularly notable, as
they display impaired or reduced kinase actiaityl their unique mechanisrag actioncomplicate
the development of effective targeted therafBracht et al., 2019Furthermore, the rarity of these
mutations poses an additional challenge in the pursutargetedinhibitors, as limited patient
populations hinder comprehensive research and clinical ffiladslack of effective therapies for these
orphan mutations highlightsmgessingunmetclinical need in NSCLC treatmerdriving continued
exploration intanoveldruggable targets

In this regardinvestigations conducted on the tB&AFclass lIimutatedNSCLC cell lines
ADK-14 and PDXADK-36, have provideccompelling insights, revealinghantriguing sensitivity
to a drug commonly employed in the clinical management of NSALs 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 PDXADK -36: two NSCLC cell lines carryingBRAF class Il mutations

ADK-14 cell line was established froabiopsy of a lymph node metastasis of a patient with
stage IV NSCLCharboring theBRAF classlll mutation G466V at progressiorafter firstline

treatment wittpembrolizumab
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PDX-ADK -36 cell line was derived from the tumor mass of a PDX established frdymtpbk
node metastas a stage \B NSCLC carrying th&8RAFclass Il mutatiorD594G at progression
after chemaemmunotherapyThe patient was treated with erlotinib as a sedoratreatment after
the establishment dioththe PDX and PDXADK -36 cell line, showing partial response.

The investigations described in the following sectionspsetresults have been in part
includedin the manuscripDi Federico Angelicola et al. JCO Precision Oncolog2024, were
inspired by clinical observations suggesting a potential and promising effect of erlotinib treatment in
NSCLC patientzarryingBRAFclass Il mutationsas described belo(Di Federicg Angelicola et
al., 202).

3.1.1 Clinical activity ofthe EGFR-TKI erlotinib in two patients withBRAF class Ill-mutated
NSCLC

Two patients with stage IV NSCLC harboringB®AF class 1ll mutation without other
genomic driver alterationander careat the Medical Oncology Unit of the S. OrseMalpighi
Hospital received erlotinib after conventional treatments.

The first patient, a 6§earold male former smokergcarrying theBRAFP>*N mutation
received 4 cycles of chemotherapy as {iirse treatmen{carboplatin AUCS day 1 plus gemcitabine
1000 mg/r days 1,8Yogether withstereotactic radiation therapyr the treatment of a single brain
metastasisGiven theintrathoracic nodaprogressiomat the first radiographic tumor reassessment
following chemotherapinitiation, docetaxel (75 mg/fwas administereds a secontine treatment
for 10 cyclesyesulting in stable diseaddevertheless,ubsequent disease progression was detected
in a mediastinal lymph node, prompting the initiation of thiné treatment with erlotinib (150 mg
daily) in July 2011, which led to a complete respofisgure 12A).

NGS performed on tumor biopsy collected before the initiation of erlotinib treatment
identified aBRAF class Il mutation P594N) and aCTNNB1mutation (S37C)but noEGFR
alterationsThe patients still on erlotinib treatmerdfter12 years, maintaining a sustained complete
response throughaut

The second patient, a §@arold female, heavy smokezarrying theBRAFP%%4C mutation
is the patient from which the PBXDK-36 cell line was derived. Sheceived as a firdine
treatment 3 cycles othemeimmunotherapy (carboplatin AUC5, pemetrexed 500 migamd
pembrolizumab 200 mg every 3 weekBpsed on clinical and radiographic evidence of disease
progression following the initial treatmeiaind the favorable respongleserved in the first patigra
secondine 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

87



Results

at home, likely due to cardiovascular complications, although the exact cause of death could not be
determined

& February 2024 - complete
Patient #1 response still ongoing

PD to docetaxel, baseline at

erlotinib initiation, July 2011 October 2018

Patient on docetaxel, April 2011

May 2012

[ )

Figure 12. Radiographic evaluation of erlotinib efficacy in two patients withBRAF-class Il mutated-NSCLC. (A)
Computed tomography scans showing the tumor response to eriotihébfirst patienafter progressive disease (PD) to
docetaxel, with documented gradual shrinkage of a prevascular lymph node metastasis ov@) tibmemputed
tomography scans showing tumor response to erlatinibe second patienvith documented shrinkage of measurable

disease in right hilar, subcarinal, and right upper paratragirephl node metastases.
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3.1.2 Activity of erlotinib in BRAF class lltmutated NSCLC cell lines

To validate the abovdescribed clinical findings regarding the efficacy of erlotiniBRAF
class lltmutated NSCLCthe in vitro sensitivity of ADK-14 and PDXADK-36 to erlotinib was
testedin both 2D and 3D culture conditionand it was compared with the drug sensitivity of two
EGFRmutated cell lines (HCC827 and P bothcarryingthe EGFR746-A70deimytation) used as
positive contrad. Erlotinib sensitivity was also assessed BRAFclass-mutated cell line (HCB64,
carrying a BRAF/®%°F mutatior), a BRAF class II-mutated cell line (NGH1395, carrying a
BRAFC®44) anda KRASmutated cell line (ADK17, carryinga KRAS®'2Y mutatior), which were
meant to act asegative controls.

In 2D culture conditions, rotinib partially inhibited the growth oboth BRAF classlll -
mutated cell lineADK -14,1Csq: 7.11+0.73uM; PDX-ADK-36, 1Gso: 6.33+2.13uM) (Figure 13A).

As expected, erlotinib efficiently inhibitatie growth of the tw& GFRmutated cell lines at
lower dosefHCC827 I1Cs0: 0.06:0.005uM; PG9, ICso: 0.04£0.004uM), while no effect on the
growth of theBRAFclassl- andKRASmutated cell linewas observe@HCC364and ADK-17,ICso
>25 uM) (Figure 13A). As for the BRAFclassll-mutated cell lingerlotinib inhibited its growth at
doses similar to those inhibitiigRAFclasslll -mutated cell line$NCI-H1395 ICso: 5.51+1.60uM)
(Figure 13A).

The efficacy of erlotinib was then testedder3D culture conditionsConsistently withthe
results observed in the 2D culture setting, erlotipéstially or completelyreduced the colony
formation abilityof the twoBRAF classlll -mutated cell lineADK-14 (1Cso: 1.14+0.26 uM) and
PDX-ADK-36 (IGso: 0.23t0.04 uM), the twoEGFRmutated cell lines (HCC82TCso <0.01 pM,;
PG9, ICsp: 0.03:t0.02 uM) and theBRAF classll-mutatedcell line (NCFH1395 ICso: 0.05:0.02
puM) in 3D-soft agar assafFigure 13B). In contrast, erlotinib efficacy was markedaducedn the
BRAFclass + andKRASmutated cell line (HCC364, IGo: 5.814#.12uM; ADK-17, 1Gs0 >10 puM)
(Figure 13B).

Erlotinib exerted a similar efficacy in sphere formation assdy® strongeseffect in
i nhi biting cel | s vasopshreed iRGFRmutated dells (HCC82™ e KO.0L y
MM; PC-9, ICs0: 0.05:0.01puM) (Figure 13C). A certaininhibitory ability was also observed BRAF
class lltmutated cells (ADK14, IGso: 0.34+0.04uM; PDX-ADK-36, 1Gso; 0.110.02 uM) and
BRAFclassll-mutated cells (NGH1395 ICso: 4.75£1.63uM), while a notably weaker effect was
observed iBRAFclass + andKRASmutated cell lines (HCC364, ig 12.640.86 uM; ADK-17,
ICs0: 9.34£0.46uM) (Figure 13C).

In order to explain the sensitivity &RAF class IItmutated cell lines to EGFR inhibition,

EGFR activation state was assestedughWestern blot anals in all seven cell lines, before and
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aftererlotinib treatment. In basal conditions, 30 hours after cell sealstgongactivation of EGFR
wasdetected itheBRAFclass IItmutated cellines(ADK-14 andPDX-ADK-36) and in theeGFR
mutatedones(HCC827 and P@), but not inBRAFclassl- (HCC364),BRAFclassll- (NCI-H1395)
andKRASmutated (ADK17) cell lines(Figure 13D). After erlotinib treatmentthe ratio between
the phosphorylated form of EGFR and total EGBRGFR/EGFR ratipresulted to be significantly
reduced in thRAFclass Ilkmutated cells (ADKL4 and PDXADK-36) and in th&eGFRmutated

cell lines (HCC827 and R@) as compared to the vehi¢le<0.05 by StttasjdFegaore X3E).

No changes in EGFR activation state were observed in the remaining ce{Aibi€sl7, HCC364
and NCHH1395)following erlotinib treatmen(Figure 13E).

A. B. C.
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Figure 13. Comparative in vitro response ofBRAF-, EGFR- and KRAS mutated cell lines toerlotinib and their
baseline EGFR activation.(A) Effect of different doses of erlotinib on cell Zpowth (n=25 experiments, each one

with three replicates). Each bar represents mean and @BMeffect of different doses of erlotinib on cell colony
formation ability in 3Dsoft agar assay (n=2 replicates). Each bar represents mean and SEMEffect of different
doses of erlotinib on sphere formation ability (r&2eplicates). Each bar represents mean and $EMVestern blots
showing baseline EGFRtivation, evaluated 30 hours after cell seeding (n=2 replicates for each cellHnEjfect of

erlotinib administration on EGFR phosphorylation, measured as pPEGFR/EGFR ratio. *, ps0.@5h i cl e, by

t-test (n=24 replicates). SEMstandard error of the mean
In summarywe can state thalepreviously describedlinical efficacy of erlotinib orBRAF
class lltmutated NSCLC was corroboratedibyitro results, ashe EGFR TKI effectively inhibited

the growth otthe BRAFclass IItmutatedADK-14 and PDXADK-36 cell lines in both 2D and 3D
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cell culture settingsNotably, theBRAFclass Itmutated NCIH1395 cell line also exhibitesl certain
sensitivity to the drugdespitats low basal activation of EGFR and the absenceaghtions in the
PEGFR/EGFR ratidollowing erlotinib treatment, which, on the contrary, was observdeiGFrR

andBRAFclass Il-mutated cell lines.

3.1.3 Activity of other EGFRand non-EGFRI directed inhibitors in BRAF class lltmutated
NSCLC cell lines

Given the demonstrated efficacy of erlotinitBRAFclass Ilkmutated cell lines, we explored
whether the sensitivity of these etlould bealso extended tanextgenerationTKIs or to other
EGFRtargeting drugsTo this end, we evaluated the effectiveness of segendration EGFR TKIls
(afatinib and dacomitini the thirdgeneration EGFR TKbsimertinib, and the EGFRirected
monoclonal antibodgetuximabwithin a 2D culture setting

Similarly to the previously observed erlotimiblated resultsafatinib and dacomitinib
partially inhibitedthe 2D-growth of theBRAFclass IItmutated cell linesshowing a stronger effect
on the PDXADK-36 cell line (afatinib, ADK-14, 1Gs: 8.242:1.151 uM; PDX-ADK-36, 1Gs:
1.43%0.227 uM; dacomitinih ADK-14, 1Gso: 1292+0.43uM; PDX-ADK-36, 1Gso: 2.013+0.244
pMM) (Figure 14A,B). As expected, the drugs exerted no eftecthe growth of th&RASmutated
cell line (ADK.17, afatinib, ICs0 >100 uM; dacomitinib,|Cs0>30 uM) (Figure 14A,B). Of note
afatinib alsgpartially inhibitedthe 2Dgrowth of theBRAFclass tmutated cell line (HCC364, K
7.705+£1.646uM), while strongly inhibiting the growth of tHteEGFRmutated onesas expecte(PC
9 and HCC827ICso: <0.008uM) (Figure 14A).

The sensitivity ofthe BRAFclass llFmutated cell lines to osimertinilahich isthe current
standard of care for NSCLC patients with EGFR mutatiand, cetuximahvas also assessed and
compared to that of cell lines harboring other class8R#fFmutations, as well as those wEGFR
or KRASmutations which served as positive and negative controls, respectively

Osimertinib inhibited the growth dRAFclass I} (ADK-14, 1Gso: 7.17+2.20uM; PDX-
ADK-36, IGs: 1.61+0.32uM) andBRAFclass I} (NCI-H1395, IGo: 1.63+0.58uM) mutated cell
lines, in line with previous datas well aEGFRmutated cell{HCC827, 1Go <0.01 uM; PC9,
ICs0: 0.04+£0.02uM) (Figure 14C). Again, no effect was observed tire BRAFclassl-mutated cell
line (HCC364 IC50>18 uM) and on heKRASmutatedone(ADK-17: 1Gs0>100 uM) (Figure 14C).
As forthe EGFRdirected monoclonal antibody cetuximab, it did not have a significant effect on any
of the cell lines, except for tHEGFRmutated HCC827 linEHCC827, 1Go: 0.252+0.023uM; other
cell lines, 1Go >100uM) (Figure 14D).
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Figure 14. Comparative in vitro response oBRAF-, EGFR- or KRAS- mutated cell lines to EGFRdirected agents

in 2D culture conditions. (A) Cell sensitivity to afatinib (n2, eachonewith 3 technical replicatesEachpointrepresents
meanand SEM. (B) Cell sensitivity to dacomitinib (n=2 experiments, each one with three replicates). Each point
represents mean and SEML) Cell sensitivity to osimertinilin=2-6 experiments, each one with three replicatéath

point represents mean and SED) Cell sensitivity to cetuximab (n=2 experiments, each one with three replicates)
Each point represents mean and SEEHEM: standard error of the mean.

To confirm the data regarding the sensitivityledBRAFclass lIFmutated cell lines to EGFR
inhibition, we also tested the sensitivity of ABIKI andPDX-ADK -36 to an intermediatgeneration
EGFR inhibitor {.e., dacomitinib) in 3D culture conditiongn 3D softagar assay, dacomitinib
efficiently inhibited PDXADK-36 colony formation, in accordance with the results obtained in 2D
culture setting (I6: 0.05+0.028uM) (Figure 15A). The drug also showed a partial inhibitory effect

on ADK-14 and ADK17 cell lines (ADKk14, IGso: 1.838+£0.079uM; ADK-17, 1Gso: 1.205+0.315
pMM) (Figure 15A).
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Differently, in sphere formation assay, dacomitirsignificantly inhibited the sphere
formation ability of both ADK14 and PDXADK-36, while showing no effect on ADK7 cells
(Figure 15B).
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Figure 15. Comparative response of ADk14, PDX-ADK -36, and ADK-17 cell lines to dacomitinib in 3D culture
conditions. (A) Soft agar 3Bgrowth in the presence of dacomitinib 0.01, 0.1 or 1 uM {B=kperiments, each one with
two replicates). Each point represents mean and $BMsphere formation ability in presence of dacomitinib 0.1 or 1
UM (n=1-3 experiments, each one with two replicates). *, p<0*©5p<0.01 and ***, p<0.001by One sample t test
(each groupstheoretical mean of 100). Each bar represents mean andSHW standard error of the mean.
Considering the favorable response of BRRAF class llkmutatedcell 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
treatmentsTrametinib has been reportexbe particularly effective iBRAFclass tmutated NSCLC
in combination with BRAF inhibitors, but not dRAF class Illtmutated tumorgNebhan et al.,
2021) Accordingly, he drugdid not exert any strong effect on te-growth of both thd8RAFclass
[Il -mutated cell lines (ADKL4, 1Gso: 10984+1.851uM; PDX-ADK-36, 1Gs0: 3.807+1.673uM), nor
on ADK-17 cell growth (IGo >70uM) (Figure 16A).
Interestingly, the 2Byrowth inhibition of BRAF class llIkmutated cells was significantly

enhanced by combining erlotinib with trametinib, compared to their use as single (pge@% at
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| east , btyest)@iguralléB). Thissynergic activity was not observed in KiRASmutated
cell line (Figure 16B).
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Figure 16. Comparative in vitro response of ADk14, 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 ga&experiments, each one

with three replicates). Each point represents mean and §EMCell sensitivity to single or combined treatment with
trametinib and/or erlotinib 0.1 or 1 uM in 2D culture conditidns2-3). *, p<0.05; **, p<0.01; *** p<0.001; ****
p<0.0001 by unpaired t test. Each bar represents mean and BEIM. er |l ot i ni b 1 ¢ M;SEN:0O. 1:

standard error of the mean.

To sum upthe sensitivity oBRAFclass lItmutated cell lines to EGFR inhibition was further
confirmed through drug sensitivity assays involving seeamd thirdgeneration EGFRKIs, i.e.
afatinib, dacomitinib and osimertinib. ADK4 and PDXADK-36 cell growth wasefficiently
inhibited by these EGFRargeting agents in either 2D or 3D cell culture conditions. In contrast, the
KRASmutated ADK17 cell line showed no response to the drugs. Interestingl3RiAd-class I+
mutated cell line, NGH1395, alsoexhibited sensitivity to osimertinibin vitro. Notably, the 2D
growth of BRAF class Illkmutated cell lines wasot particularly inhibited by the MEKTKI
trametinib, but this effect was significantly enhanced when combined with erlotinib, resulting in a
greater inhiltion of cell growth compared to either treatment alone

In closing, b further validate our findings regarding the sensitivitBfAFclass IIFmutated

NSCLC to EGFRTKIs, we consultedthe Cancer Cell Line Encyclopedia (Broad, 2019) via

cBioPortal (vww.cbioportal.org for NSCLC cell lines harborinBRAFclasslll mutations(Cerami

etal., 2012; J. Gao et al., 2013; Ghandi et al., 201®) database provided information and treatment
data about twdBRAFclass IItmutated 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 onesegarding NSCLC cell lines carrying other driver mutationsa s si f i ed as Mo

Al i kel y oncog ehigs:vovw.dngokb@ny exauldily BRAF class Il (n=5),EGFR
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(n=5) andKRAS (n=36) alterations Of note, cell lines carrying EGFR’®™ co-mutation were
excluded given theirwell-known lack of sensitivity to EGFRKIs and amongEGFR mutations,
only exon 19 deletions or L858#&tterations were included in the reseaktfe.queried data regarding
the in vitro sensitivity of theselected cell lines to several drugs, including EGHRs of first-
(gefitinib) and second (afatinib) generation a MEK-TKI (trametinib) a BRAF inhibitor
(dabrafenib), a muKTKI (cabozantinib) and a chemotherapy drug (doxorubigtigure 17).
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Figure 17. Activity of multiple therapeutic agents on NSCLC cell lines carryingBRAF class lll, BRAF class I,
EGFR, or KRAS driver mutations, as reported by the data collected in the Cell Line EncyclopedigA) Activity,
expressed as mediansiCof the EGFR inhibitors gefitinilfA) and afatinib(B), the MEK inhibitor trametini{C), the
BRAF inhibitor dabrafenil§D), the multiTKI cabozantinib(E) and doxorubicir(F).

Of note, the four groups of oncogeaeédicted cell lines showed statistically significant
differences in drug sensitivitinly when treated with the EGFRKIs gefitinib (p=0.02) and afatinib
(p=0.02), which resulted to be more effectiveBRAF classlll and EGFRmutated cell liness
compared tBRAFclassll andKRASmutated cef (Figure 17A,B). Specifically, the group dRAF
class llkmutated cell lines showed a mediasd@f 0.51 uM (range: 0.26.77)and0.52 uM (range:
0.06:0.97) when treated with gefitinib and afatinib, respectivalizese values were significantly
lower than the median Kgof theBRAFclass Itmutated groupdefitinib: 6.9 uM, p=0.03; afatinib:
8.06 uM, p=0.009 and theKRASmutated one defitinib: 5.17 uM, p=0.04; afatinib: 4.21 pM,
p=0.06) but comparable to the medians@f theEGFRmutated groupdefitinib: 0.23 uM,p=0.67;
afatinib: 0.11 pMp=0.52) (Figure 17A,B). Treatment with other agents did not show any significant
difference in cell sensitivity across the oncogadedicted groupéFigure 17C-F).
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Overall, the data provided b@ancer Cell Line Encyclopedialigned with our findings,
confirmingtheincreased sensitivity @dRAFclass lItmutated NSCLC cell lines to EGHRrgeting
TKIs.

4. INVESTIGATING THE MECHANISMS UNDERLYING RESISTANCE TO
ICls 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 p{Ratieeal., 202Q)
Moreover, the underlying mechanisms driving these paradoxical responses remain largely unexplored
and poorly understoodsaining insights into these mechanisms is essential for refining patient
selection and optimizing the efficacy of immunotherapy in NSCLC.

In this contextthe availability of two cell line models, ADK7 and ADk18, established
from tumor samples of the same patient, pmer to the initiation of treatment and the other following
the development dfyperprogression after ICI therapypvides a valuable platform for investigating
tumor behavior and resistance mechanisiosfurther support this investigation, the establishment
of a preclinical in vivo model of resistance to ICIs in syngeneic immunocompetent mice
complemergd the cellular line models, providg a more comprehensive framework for
understanding resistance mechanisonsnmunotherapy

These models, along with the results obtained, are presented in the following sections. Some
of the data described below were also included inntla@uscript Angelicola et alJournal of

Translational Medicing2025(Angelicola et al., 202).

4.1 ADK-17 and ADK-18, two cell lines derived from samples of an immunotherapgesistant
patient at baseline and after hyperprogression development

4.1.1Clinical history and molecular data of the patient

The patienfrom which the cell lines were establisheds a64-yearold woman former light
smoker (10 paclear)diagnosed with stage IVA NSCL@ime of diagnosisTdx). As first-line
treatment, the patient received 5 cycles of pembrolizu(fedure 18A). However, at the first
radiological assessment via computed tomography, signs of hyperprogeissase (HPD) were
observed, with metastatic spread to soft tissues, thoracic wall, as well as abdominal and thoracic
lymph nodes (timeof hyperprogression: Thy (Figure 18B). Secondine treatment with
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pembrolizumab, carboplatin, and pemetrexed was administered, but no clinical improvement was
observed. A thirdine therapy with docetaxel was initiated, also without clinical benefit, and the
patient ultimately died from further progression of the tu(kagure 18A).

Tumor cells derived fromleural effusion at the time of diagnosis (Tdx) were positive for PD
L1 (TPS: 70%) and CD44 (31% of tumor cells were 2+ positiFéjuie 18C). A KRAS®?Y
mutationwas detected in the tumor sample obtained at Tdx through NGS anAlgsisond sample
collected before treatmerttrie of baseline Th), from pleural effusion and parietal pleur@asalso
analyzedIn this second sampCD44 expression was absent in tumor cells and found only in stromal
components, while PID1 TPS remained at 70%igure 18C). Additionally, tumor cells at both Tdx
and Tb points were positive for TTFand BetEP4 (data not shownht the time of hyperprogression
evidence (Thy), tumor cells collected fromsabcutaneous biopsghowed positivity for the
expression of TTA and BetEP4 (data not shown), POL (TPS: 65%) and CD44 (58% of tumor
cells were 2+ positive(Figure 18C).
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EDTDIED D Tl

. | First-line treatment: pembrolizumab| ok Second-line treatment: Third-line treatment:
l chemoimmunotherapy docetaxel

Diagnosis of HPD HPD Exitus
NSCLC

(stage IVA)

* Sampling ** Sampling
ADK-17 ADK-18

Diagnosis
(Tdx)

Baseline
(Tb)

Hyperprogression
after ICI therapy
(Thy)

Figure 18 Pat i ent 6s cl i ni cal hi story and t uiwoepoifteTdxttmeas bef
the diagnosis; Th: time of baseline; Thy: time of hyperprogresg®n.Ti mel i ne of patient s ¢

therapeutic scheduléB) Imaging findings at the time of diagnosis (Tdx) . w&nd wf.prpgression to immunotherapy
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(Thy) ( v . T.\8mall iright) paratracheal lymph no@i@ progressed on immunotherapy., (red arrow). Left pleural
effusion (i.) and left pleurodesis signs associated with the appearance of subcutaneous metastaticesit@row).

Left pleural effusionifi.) 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.) progressed on immunotherapyiii(, red arrow).(C)
Hematoxylin and eosin staimg (H&E) and CD44 and PID1 immunohistochemical staining of tumor samples. Tdx:
pleural effusion; Th: pleural biopsy; Thy: subcutaneous ledieft: H&E, black line from top to bottom: 313.30 um,
204.97 um and 92.60 pumiddle: membrane CD44 expression on neoplastic cells, black line from top to bottom: 313.30
pum, 120.01 um, 80.01 pnmight: PD-L1 expression on tumor cells by double stain forlPDand CD68 (PEL1: brown,

CD68: red), black line from top to bottom: 139.24 um, 300 um and 61.73HRD: hypeprogressive disease.

4.1.2 Establishment and characterization of ABK7 andADK-18 cell lines

ADK-17 and ADK18 cell lines werestablishedrom tumor samples collected at two time
points: prior to the initiation of ICI therapy (Th) and at the timeaafiological evidence of HPD
during ICI treatment (Thy), respectiveljhe KRAS*'2Y mutation, previously detected in the tumor
at the Tdx point, was also confirmed in both cell lines through-Rea PCR and Whole
Transcriptome Sequenciridata nosshown)

Under adherent culture conditions, the cell lines exhibited distinct morphology and behavior:
while ADK-17 formed a compact, homogeneous monolayer of polygonal A&)ls;18 displayed a
less organized, stratified cell layéfigure 19A). Additionally, ADK-18 cells demonstrated the
ability to formorganoidsa capabilitythat, on the contrary, wamt observed in thaDK-17 cell line
(Figure 19B). Notably, the organoids exhibited positive expressiohCD44 and Ki67 (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 ADK18 cells cultured under 2D conditions, observed through an inverted microscope.
White line corresponds to 100 i) Structures observed two weeks aftexrseeding of ADK17 and ADK18 cells in
Matrigel with appropriate organoid medium. White line corresponds to 10q@mmmunostaining of an organoid
derived from ADK18 cell line performed using Hoechst 33342 (blue) together withkarir (red) and arCD44
(yellow) antibodies. White line corresponds to 20 um. Leica TCS SP8 Microscope, HC PL APO CS2 40x/1.30 OIL
opticd zoom 2.5x (left) or 2x (right).

Based on these observations, the growth capacity of the cell lines was assessed for
comparison, botfin vitro andin vivo. Overall, the ADK18 cell lineexhibited enhanced growth

capacity under all evaluated conditiprehowing a significantly higher 2D and 3Boftagar
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clonogenicity sphereforming ability and2D-growth capacity compared &DK-17 cells Table 2).

In accordance, ADKL8 also showed significant decrease of cells in the G1 phase of the cell cycle
compared toADK-17. Additionally, the PDX established from the tumor biopsy at the Thy point

(ADK-18 tumor) demonstratesignificantfaster growth compared to the PDX derived from the tumor

sample at the Tb point (ADK7 tumor)(Figure 1 andTable 2).

ADK-17 ADK-18 p-value
2D-growth
2.92+0.04 4.01+0.16 <0.01
(cell population doublingsl68 hours)
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
51+2 825 <0.05
(number of spheres)
Cells in the G1 phase of the cell cycl
63+3% 47+2% <0.01
(%)
PDX tumor growth rate
1.430+0.154 0.562+0.104 <0.05
(doubling timé weeks)
Table 2. Growth-related features &ADK-17andADK-18c e | | l ines or tumor s ttesB(h=23).i st i «

In parallel, a transcriptomic analysis on the cell lines was perfotmédentify key gene
expression differences between the cell modédgably, the analysievealed significant differences
betweenADK-17 and ADK18 cells (PC1: 96% variance), evidencid§25 genes differentially
expressed between the two cell lines}p<0.01 and Log2FC >1 orXK), of which 1732 upegulated
and 1793 dowanregulated irthe ADK-18 cell line as compared #®DK-17 (Figure 20A).

Overrepresentation analysis indicated thatregulated 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, includinglnepithelial, bone, muscle, and
connective tissuesuggesting &ess differentiateghenotype in the ADKL8 cell line axompared to
ADK-17 (Figure 20B-i.). Conversely, dowstegulated genes in th&DK-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 termsridkiding
channel activity, ion transport, insulitke growth factor binding, growth factor activity, and binding

to carbohydrates and glycosaminoglyc@fngure 20B-iii.), while down-regulated genes were
enriched in molecular functions associated with-cell interactions anaytoskeletal binding,
including actin filaments, laminin binding and DNA bindi(i§gure 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 A cell line(Figure 20C).

Figure 20. Transcriptome analysis of ADK-18 vsADK -17 cell lines (A) Heatmap showing thescore of normalized
expression values (RLOG) of differentially expressed genes (DE@j ©0.01 and Log2FC >1 or¥ in ADK-18vs
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