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ABSTRACT 

Despite recent advancements in lung cancer treatment, its incidence 
and mortality rates remain high worldwide. Specifically, non-small cell lung 
cancer (NSCLC) accounts for nearly 85% of all lung cancers, with a 5-year 
survival rate of 20%. Given this scenario, the primary objective of this study 
is to comprehensively characterize the exosomes secreted by NSCLC cells. 
These microvesicles are known to be involved in numerous tumoral 
processes, potentially containing a wealth of information about the 
molecular characteristics of the disease. 

To achieve this, primary cultures and cell lines, along with peripheral blood 
samples obtained from NSCLC patients were used. An initial screening in 
exosomes secreted in vitro allowed the identification of a significant number 
of mRNAs and miRNAs, related to various biological processes and signaling 
pathways. Moreover, some genes such as FDFT1 and SNAI1 stood out due 
to their overexpression in exosomes derived from cells grown in 
tumorspheres formation (3D models), which are enriched in cancer stem cell 
population. Additionally, markers found within these microvesicles were 
associated with two of the most common histological subtypes: 
adenocarcinoma (LUAD) and squamous cell carcinoma (LUSC). 

Subsequently, to validate the findings seen in exosomes, the most significant 
markers were analyzed in silico in an NSCLC tissue cohort from the TCGA 
database. These results revealed an association between the expression of 
SNAI1 and patient survival (OS and RFS, p<0.05). Furthermore, XAGE1B, 
SEPP1, and TTF-1 expression (previously identified in exosomes) maintained 
a significant relationship with the LUAD group, while CABYR, RIOK3, and 
CAPRIN1 remained overexpressed in LUSC patients (Mann-Whitney test, 
p<0.05). These markers were also analyzed in a cohort of 186 NSCLC patients 
from the University General Hospital of Valencia. The association of SNAI1 
expression and the survival of early-stage patients (RFS in LUAD patients, 
p<0.05) was confirmed, as well as the overexpression of CABYR and RIOK3 
in LUSC patients, and of XAGE1B and TTF-1 in LUAD. 



 

 

Furthermore, exosomes present in blood samples of the advanced-stage 
cohort, allowed the identification of other biomarkers associated with 
clinically relevant characteristics of the patients. Moreover, exosomal cargo 
was also used to detect gene mutations related to the clinical management 
of NSCLC. 

In summary, the results obtained in this thesis highlight the potential of 
exosomes as a source of biomarkers for the study of the different stages of 
NSCLC development. These microvesicles offer a comprehensive and real-
time view of the disease's molecular features and can be obtained 
repeatedly and in a minimally invasive way. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

RESUMEN 

A pesar de los nuevos avances en el tratamiento del cáncer de 
pulmón, su tasa de incidencia y mortalidad siguen en cabeza en todo mundo. 
Concretamente, el cáncer de pulmón no microcítico (CPNM) representa casi 
el 85% de todos los cánceres de pulmón, siendo su supervivencia a 5 años 
muy reducida. En base a dicho escenario, el objetivo principal de este trabajo 
es el de caracterizar de manera exhaustiva los exosomas secretados por las 
células del CPNM. Se sabe que estas microvesículas están involucradas en 
números procesos celulares, por lo que pueden contener gran cantidad de 
información acerca de las características moleculares del tumor.  

Para ello se han empleado cultivos primarios y líneas comerciales crecidas 
en diferentes condiciones, así como muestras de sangre periférica obtenida 
de los pacientes con CPNM. Un primer screening llevado a cabo en los 
exosomas secretados in vitro, ha permitido obtener un gran número de 
mRNAs y miRNAs relacionados con diferentes procesos biológicos y vías de 
señalización. Además, algunos genes como FDFT1 y SNAI1 han destacado 
por su sobreexpresión en exosomas procedentes de las células crecidas en 
formación de tumoresferas (modelos 3D), las cuales están enriquecidas en 
población de células madre tumorales. A su vez, otros marcadores presentes 
en el interior de estas microvesículas, se han mostrado relacionados con dos 
de los subtipos histológicos más frecuentes: adenocarcinoma (LUAD) y 
carcinoma escamoso (LUSC).  

Posteriormente, para validar los hallazgos obtenidos en exosomas, los 
marcadores más significativos fueron analizados in silico en una cohorte de 
muestras de tejido, compuesta por 661 pacientes con CPNM (TCGA 
database). Estos resultados han revelado una asociación entre la expresión 
del gen SNAI1 y la supervivencia de estos pacientes (OS y RFS p<0.05). 
Además, los genes XAGE1B, SEPP1 y TTF-1 (previamente determinados en 
exosomas), mantienen una relación significativa con el grupo de pacientes 
LUAD; mientras que CABYR, RIOK3 y CAPRIN1 se mantienen sobrexpresados 



 

 

en LUSC (Mann-Whitney test p<0.05). Estos marcadores también se han 
analizado en una cohorte de 186 pacientes con CPNM procedentes del 
Hospital General Universitario de Valencia, donde se corroboró la asociación 
de SNAI1 con la supervivencia de los pacientes en estadios tempranos (RFS 
en pacientes LUAD, p<0.05), así como la sobreexpresión de CABYR y RIOK3 
en pacientes LUSC, y de XAGE1B y TTF-1 en LUAD.  

Por otra parte, el aislamiento de los exosomas presentes en la sangre 
periférica de pacientes en estadios avanzados, ha permitido identificar otros 
marcadores asociados a caracterísiticas clínico-patológicas relevantes. A su 
vez, el contenido de estas microvesículas ha sido empleado para la detección 
de mutaciones génicas ligadas al manejo clínico del CPNM.  

En resumen, los resultados obtenidos en este trabajo ponen de manifiesto 
el potencial de los exosomas como fuente de biomarcadores para el estudio 
de las diferentes etapas de desarrollo del CPNM. Estas microvesículas 
ofrecen una visión completa y en tiempo real, de las características de la 
enfermedad, pudiendo ser aisladas de forma repetida y mediante técnicas 
mínimamente invasivas.  

 

 

 

 

 

 

 

 



 

 

RESUM 

A pesar dels avanços recents en el tractament del càncer de pulmó, 
les seues taxes d'incidència i mortalitat continuen sent altes a nivell mundial. 
Concretament, el càncer de pulmó de cèl·lules no petites (CPNM) representa 
gairebé el 85% de tots els càncers de pulmó, amb una taxa de supervivència 
a 5 anys molt limitada. Donat aquest escenari, l'objectiu principal d'aquest 
estudi és caracteritzar de manera exhaustiva els exosomes secretats per les 
cèl·lules de CPNM. Aquestes microvesícules estan involucrades en 
nombrosos processos tumorals i poden contenir una gran quantitat 
d'informació sobre les característiques moleculars de la malaltia. 

Per aconseguir-ho, es van utilitzar cultius primaris i línies cel·lulars (cultiu en 
diferents condicions), juntament amb mostres de sang perifèrica obtingudes 
de pacients amb CPNM. Un cribratge inicial en exosomes secrets in vitro va 
permetre identificar una quantitat significativa de mARNs i miARNs 
relacionats amb diversos processos biològics i vies de senyalització. A més, 
alguns gens com FDFT1 i SNAI1 van destacar per la seua sobreexpressió en 
exosomes derivats de cèl·lules crescuts en formació de tumorsferes (models 
3D), que estan enriquides en poblacions de cèl·lules mare tumorals. A més, 
s'han trobat marcadors en aquestes microvesícules associats amb dos dels 
subtipus histològics més comuns: adenocarcinoma (LUAD) i carcinoma 
escamós (LUSC). 

Posteriorment, per validar els resultats obtinguts en exosomes, es van 
analitzar in silico els marcadors més significatius en una cohort de teixit de 
CPNM de la base de dades TCGA. Aquests resultats van revelar una 
associació entre l'expressió del gen SNAI1 i la supervivència dels pacients (OS 
i RFS, p <0,05). A més, l'expressió dels gens XAGE1B, SEPP1 i TTF-1 
(prèviament identificats en exosomes) va mantenir una relació significativa 
amb el grup LUAD, mentre que CABYR, RIOK3 i CAPRIN1 van continuar 
sobreexpressats en els pacients de LUSC (prova de Mann-Whitney, p <0,05). 
Aquests marcadors també es van analitzar en una cohort de 186 pacients 
amb CPNM de l'Hospital General Universitari de València, on es va confirmar 
l'associació de l'expressió de SNAI1 i la supervivència dels pacients en estadi 



 

 

precoç (RFS en pacients de LUAD, p <0,05), així com la sobreexpressió de 
CABYR i RIOK3 en pacients de LUSC, i de XAGE1B i TTF-1 en LUAD. 

D'altra banda, els exosomes presents en mostres de sang de la cohort 
d'estadis avançats van permetre la identificació d'altres biomarcadors 
associats a característiques clíniques rellevants dels pacients. A més, la 
càrrega exosomàtica també es va utilitzar per detectar mutacions 
genètiques relacionades amb el tractament clínic del CPNM. 

En resum, els resultats obtinguts en aquesta tesi destaquen el potencial dels 
exosomes com a font de biomarcadors per a l'estudi de les diferents etapes 
del desenvolupament del CPNM. Aquestes microvesícules ofereixen una 
visió completa i en temps real de les característiques moleculars de la 
malaltia i poden ser obtingudes de manera repetida i amb una mínima 
invasió. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

TABLE OF CONTENTS 

LIST OF ABBREVIATIONS AND ACRONYMS...........................  XXII 

LIST OF FIGURES ................................................................... XXIX 

LIST OF TABLES ................................................................... XXXIII 

I. INTRODUCTION ....................................................................... 1 

1. CANCER................................................................................................... 3 

1.1. CONCEPT................................................................................... 3 

1.2. MOLECULAR FEATURES OF CANCER CELLS ................................ 3 

1.3. EPIDEMIOLOGY ......................................................................... 5 

2. LUNG CANCER......................................................................................... 7 

2.1. EPIDEMIOLOGY AND RISK FACTORS .......................................... 7 

2.2. PHYSIOLOGY OF THE LUNG ..................................................... 11 

2.3. DIAGNOSIS, STAGING AND PROGNOSIS .................................. 12 

2.3.1. DIAGNOSIS .................................................................... 12 

2.3.2. STAGING AND PROGNOSIS ............................................ 14 

2.4. HISTOPATHOLOGICAL CLASSIFICATION ................................... 17 

2.4.1. SMALL CELL LUNG CANCER (SCLC) ................................. 18 

2.4.2. NON-SMALL CELL LUNG CANCER (NSCLC) ...................... 19 

2.4.2.1. Lung adenocarcinoma - LUAD ........................... 19 

2.4.2.2. Lung squamous cell carcinoma - LUSC ............... 20 

2.4.2.3. Large cell carcinoma - LCC ................................. 22 

2.4.3. NEUROENDOCRINE TUMORS (NETS) ............................. 22 



 

 

2.5. MOLECULAR CLASSIFICATION OF LUNG CANCER ..................... 23 

2.5.1. MOLECULAR CLASSIFICATION OF SCLC .......................... 24 

2.5.2. MOLECULAR CLASSIFICATION OF NSCLC ........................ 24 

2.5.2.1. LUAD genomic alterations ................................. 25 

2.5.2.2. LUSC genomic alterations .................................. 26 

2.5.2.3. Alterations common to both NSCLC subtypes ... 27 

2.6. NSCLC TREATMENT  ................................................................ 28 

3. CELLULAR CLONALITY AND TUMOR HETEROGENEITY .......................... 31 

3.1. MODELS OF TUMOR HETEROGENEITY ..................................... 31 

3.2. CSC PROPERTIES AND TUMOR MICROENVIRONMENT............. 33 

3.3. 3D IN VITRO MODELS .............................................................. 34 

4. LIQUID BIOPSY ...................................................................................... 38 

4.1. EXTRACELLULAR VESICLES ....................................................... 40 

4.1.1. GENERAL FEATURES, CLASSIFICATION AND 
NOMENCLATURE ........................................................... 40 

4.1.1.1. Exosomes .......................................................... 41 

4.1.2. BIOGENESIS AND SECRETION ........................................ 42 

4.1.3. EXOSOMES CARGO ........................................................ 45 

4.2. EXOSOMES IN CANCER ............................................................ 48 

4.2.1. EXOSOMES AS A REGULATORS OF TME ......................... 50 

4.2.1.1. Exosomes role in tumor angiogenesis................ 52 

4.2.2. EXOSOMES IN METASTATIC NICHES .............................. 53 



 

 

4.2.3. EXOSOMES IN TUMOR PROLIFERATION AND 
CHEMORESISTANCE ....................................................... 55 

4.3. NSCLC-DERIVED EXOSOMES .................................................... 57 

 

II. OBJECTIVES AND HYPOTHESIS ............................................. 61 

 

III. MATERIALS & METHODS ..................................................... 65 

1. MATERIALS ........................................................................................... 67 

1.1 RECRUITED PATIENTS ............................................................... 67 

1.1.1. TISSUE SAMPLES ........................................................... 67 

1.1.2. BLOOD SAMPLES ........................................................... 68 

1.2 ESTABLISHMENT OF PRIMARY CELL CULTURES......................... 68 

1.3 COMMERCIAL NSCLC CELL LINES .............................................. 69 

2. METHODS ............................................................................................. 71 

2.1 CELL CULTURE GROWTH CONDITIONS ..................................... 71 

2.2 EXOSOMES CHARACTERIZATION .............................................. 71 

2.2.1. EXOSOME ISOLATION FROM CELL CULTURES ................ 71 

2.2.2. EXOSOMES ISOLATION FROM PLASMA SAMPLES .......... 72 

2.2.3. NANOPARTICLE TRACKING ANALYSIS (NTA) ................... 73 

2.2.4. NEGATIVE-STAINING AND TRANSMISSION ELECTRON 
MICROSCOPY OF EXOSOMES ......................................... 74 

2.2.5. IMMUNOBLOTTING  ...................................................... 75 

2.2.6. FLOW CYTOMETRY ANALYSIS  ....................................... 76 



 

 

2.3. NUCLEIC ACIDS ISOLATION ...................................................... 77 

2.3.1. RNA ISOLATION AND INTEGRITY .................................... 77 

2.3.1.1. Exosomes from cell cultures .............................. 77 

2.3.1.2. Exosomes from plasma ..................................... 77 

2.3.1.3. Fresh tissue from NSCLC cohort......................... 78 

2.3.2 DNA ISOLATION FROM CELL CULTURES/PLASMA-DERIVED 
EXOSOMES .................................................................... 78 

2.4. DETERMINATION OF THE MUTATIONAL STATUS ..................... 79 

2.4.1 EXOSOMAL MUTATIONAL STATUS FROM ESTABLISHED 
NSCLC CULTURES ........................................................... 79 

2.4.1.1. Mutational status determination by BEAMing 
digital PCR .......................................................................... 79 

2.4.1.2. Detection of ALK rearrangements by RT-qPCR ... 80 

2.4.2 EXOSOMAL MUTATIONAL STATUS FROM BLOOD SAMPLES 
OF NSCLC PATIENTS ....................................................... 80 

2.5. GENE EXPRESSION ANALYSIS ................................................... 82 

2.5.1. WHOLE MRNA EXPRESSION PROFILING OF EXOSOMES 
DERIVED FROM CELL CULTURES ..................................... 82 

2.5.2. DEGS VALIDATION USING RT-QPCR ............................... 84 

2.5.3. GENE EXPRESSION PANEL IN PLASMA-DERIVED 
EXOSOMES .................................................................... 86 

2.5.3.1 Data Normalization and Analysis ........................ 88 

2.6. IMMUNOFLUORESCENCE ANALYSIS  ....................................... 89 

2.7. IMMUNOHISTOCHEMICAL ANALYSIS....................................... 89 

2.8. IN SILICO DATASET VALIDATION  ............................................. 90 



 

 

2.9. STATISTICAL ANALYSIS  ........................................................... 91 

2.10. OTHER STATISTICAL METHODS.............................................. 91 

 

IV. RESULTS AND DISCUSSION .................................................. 93 

CHAPTER 1: CELL CULTURES ............................................................ 95 

1.1. CHARACTERIZATION OF EXOSOMES DERIVED FROM NSCLC CELL 
CULTURES ............................................................................... 95 

1.2. MUTATIONAL STATUS OF EXOSOMES DERIVED FROM CELL 
CULTURES  ............................................................................ 107 

1.3. DIFFERENTIAL EXPRESSION PROFILES OF TUMOR CELL 
CULTURES-DERIVED EXOSOMES  ........................................... 108 

1.3.1. DEGS IN EXOSOMES FROM 2D VS 3D MODELS ............ 109 

1.3.1.1. Differential expressed miRNAS in exosomes from 
2D vs 3D ........................................................... 113 

1.3.2. DEGS IN EXOSOMES FROM LUAD and LUSC. ................ 115 

1.3.2.1. Differential expressed miRNAs in exosomes from 
LUAD and LUSC................................................. 120 

1.3.3. DEGS IN EXOSOMES FROM CELL LINES VS PRIMARY 
CULTURES .................................................................. 126 

1.4. DEGs VALIDATION IN TUMOR CELL CULTURES-DERIVED 
EXOSOMES ......................................................................... 128 

1.4.1. DEGs VALIDATION IN EXOSOMES FROM 3D vs 2D 
CULTURES .................................................................... 128 

1.4.2. DEGs VALIDATION IN EXOSOMES FROM LUAD AND LUSC 
CULTURES  ................................................................... 133 



 

 

1.5. IN-SILICO VALIDATION OF EXOSOMAL BIOMARKERS IN NSCLC
 ............................................................................................. 142 

1.6. VALIDATION OF EXOSOMAL BIOMARKERS IN A RESECTED NSCLC 
COHORT ................................................................................ 146 

 

CHAPTER 2: PLASMA ..................................................................... 155 

2.1. CHARACTERIZATION OF EXOSOMES DERIVED FROM NSCLC 
PLASMATIC SAMPLES ............................................................ 155 

2.2. MUTATIONAL STATUS DETERMINATION THROUGH LIQUID 
BIOPSY ELEMENTS ................................................................ 158 

2.3. ANALYSIS OF PLASMA EXO-mRNA FOR BIOMARKERS DETECTION
 ............................................................................................. 166 

 

V. INTEGRATION OF RESULTS ................................................. 179 

 

VI. CONCLUSIONS ................................................................... 187 

 

VII. REFERENCES ..................................................................... 191 

 

VIII. ANNEXES ......................................................................... 229 

A. SUPPLEMENTARY MATHERIAL ..................................................... 231 

B. FUNDING ..................................................................................... 240 

C. COMMUNICATIONS TO NATIONAL AND INTERNATIONAL 

CONFERENCES  ............................................................................ 240 



 

 

D. AWARDS ...................................................................................... 243 

E. PUBLICATIONS DURING THE DOCTORAL THESIS .......................... 244 

F. APPROVAL FROM THE INSTITUTIONAL ETHICAL AND SCIENTIFIC 

REVIEW BOARD. .......................................................................... 246 

G. INFORMED CONSENT DOCUMENT ............................................... 249 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 



 

XXII 
 

LIST OF ABBREVIATIONS AND ACRONYMS 

2D: two-dimensional  

3D: three-dimensional 

95%CI: 95% confidence interval 

ABC: avidin-biotin-peroxidase complexes  

AC: atypical carcinoid  

ADC: adenocarcinoma 

AIS: adenocarcinoma in situ  

AKT1: v-akt murine thymoma viral oncogene homolog 1 

Alix: ALG-2 interacting protein 

ALIX: ALG-2-interacting protein X 

ALK: anaplastic lymphoma kinase 

Amp: amplification 

ANOVA: analysis of variance 

APC: allophycocyanin 

ARID1A: AT-rich interactive domain 1A 

ATCC: american type culture collection 

BAC: bronchoalveolar carcinoma  

BEAMING: beads, emulsions, amplification, and magnetics 

bFGF: basic fibroblast growth factor 

BRAF: v-raf murine sarcoma viral oncogene homolog B1 

BSA: bovine serum albumin 

CABYR: calcium binding tyrosine phosphorylation regulated 



 

XXIII 
 

CAF: cancer associated fibroblast 

CAPRIN1: cytoplasmic activation/proliferation-associated protein-1 

CCD: charge-coupled device  

CDKN2A: cyclin-dependent kinase inhibitor 2A 

cfDNA: cell-free DNA 

CI: confidence interval 

ctDNA: circulant tumor-DNA 

CIOMS: biomedical research involving human subjects 

CTA: cancer testis antigens  

CSC: cancer stem cells  

CS-LC: cells similar to cancer cells  

CT: computed tomography  

CTC: circulant tumor cell 

ctDNA: circulating tumor DNA  

CTLA-4: cytotoxic T-lymphocyte associated protein 4 

DDR2: discoidin domain receptor tyrosine kinase 2 

DE: differential expression 

DEG: differential expressed genes 

DEL: deletion 

DFS: disease-free survival  

dPCR: digital PCR 

EBUS: endobronchial ultrasound 

EDTA: ethylenediaminetetraacetic acid 

EGF: epidermal growth factor 



 

XXIV 
 

EGFR: epidermal growth factor receptor 

EML4: echinoderm microtubule-associated protein-like 4 

ESCRT: endosomal sorting complex required for transport 

EUS: endoscopic ultrasound  

EV: extracellular vesicle 

FasL: fas ligand 

FBS: fetal bovine serum 

FC: flow cytometry 

FC: fold change 

FDA: food and drug administration 

FDFT1: farnesyl-diphosphate farnesyltransferase 1 

FFPE: formalin-fixed paraffin-embedded 

FGFR1: fibroblast growth factor receptor 1 

FSC: forward scatter  

GEO: gene expression omnibus 

GM: gangliosides 

GO: gene ontology 

GOBP: gene ontology biological process 

H&E: hematoxylin and eosin  

HCUV: hospital clínico universitario de Valencia  

HER2: human epidermal growth factor receptor 2 

HGUV: hospital general universitario de Valencia 

IB: immunoblot 

IF: immunofluorescence 



 

XXV 
 

IHC: immunohistochemistry  

ILV: intraluminal vesicle 

IMA: invasive mucinous adenocarcinoma  

JSI: jaccard similarity index 

KEAP1: kelch-like ECH-associated protein 1 

KRAS: kirsten rat sarcoma viral oncogene homolog  

LCC: large cell carcinoma  

LCINS: lung cancer in never smokers  

LCNEC: large-cell neuroendocrine carcinoma  

lincRNA: long intergenic RNA 

lncRNA: long non-coding RNA 

LUAD: lung adenocarcinoma  

LUSC: lung squamous cell carcinoma  

MAP2K1/ MEK1:  mitogen-activated protein kinase kinase 1 

MB: mutant beads 

MET: mesenchymal epithelial transition factor proto-oncogene 

MF: mutant fraction 

mi: minimally invasive carcinoma 

MICA: MHC class I chain related-protein A 

miRNA: micro RNA 

ML: milliliters 

MRI: magnetic resonance imaging  

mRNA: messenger RNA 

MUT: mutation 



 

XXVI 
 

MVB: multivesicular body 

MYC: myelocytomatosis oncogene 

NCAM1: neural cell adhesion molecule 1 

NCBI: national center for biotechnology information 

NET: neuroendocrine tumor 

NF1: neurofibromin 1 

NGS: next generation sequencing  

NRF2: nuclear factor erythroid 2-related factor 2 

NRG1: neuregulin 1 

NSCLC: non-small cell lung cancer  

NTA: nanoparticle tracking analysis 

NTRK1: neurotrophic tyrosine kinase receptor type 1 

OS: overall survival 

PBS: phosphate-buffered saline 

PC: phosphatidylcholine 

PCA: principal component analysis 

PD-1: programmed cell death protein 1 

PDGFRA: platelet derived growth factor receptor alpha 

PD-L1: programmed death-ligand 1 

PDX: patient-derived xenograft 

PE: phosphatidylethanolamine 

PE: phycoerythrin 

PET-CT: positron-emission tomography with computed tomography 

PI: phosphatidylinostol 



 

XXVII 
 

PIK3CA: phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit 
alpha 

PS: performance status 

PS: phosphatidylserine 

PVDF: polyvinylidene difluoride 

RB1: retinoblastoma 1 

RFA: radiofrequency ablation  

RIOK3: RIO kinase 3 

RMA: robust multiple-array average 

ROS1: reactive oxygen species proto-oncogene 1 

RT: room temperature 

RT-qPCR: reverse transcription quantitative real-time PCR 

SBRT: stereotactic body radiotherapy  

SCLC: small cell lung cancer  

SD: standard deviation 

SDS: sodium dodecyl sulfate 

SEM: standard error of the mean 

SEPP1: selenoprotein P plasma 1 

SMARCA4: SWI/SNF related matrix associated, actin-dependent regulator 
of chromatin, subfamily A, member 4 

SNPs: single nucleotide polymorphisms  

SOX2: SRY-box transcription Factor 2 

SqCC: squamous cell carcinoma 

SQS: squalene synthase 



 

XXVIII 
 

SS: superficial spreading tumor.  

SSC: side scatter 

STK11: serine/threonine kinase 11 

TC: typical carcinoid  

TCGA: the cancer genome atlas program 

TEM: tetraspanin-enriched microdomain 

TEP: tumor educated platelet 

TFR: transferrin receptor 

TGF: transforming growth factor 

TNF: tumor necrosis factor 

TRAIL: TNF-related apoptosis-inducing ligand  

TSG101: tumor susceptibility gene 101 

TTF-1: transcription termination factor 1 

WHO: world health organization 

WNT5A: wingless-type MMTV integration site family, member 5A 

WT: wild type 

XAGE1: x antigen family member 1 

XPD: xeroderma pigmentosum group D 



 

XXIX 
 

LIST OF FIGURES 

Figure 1.  The hallmarks of cancer. 

Figure 2. Most commonly diagnosed tumours worldwide. 

Figure 3. Top cancer sites per country associated with estimated number of 
deaths in both sexes (all ages, excluding non-melanoma skin cancer). 

Figure 4. Physiological anatomy of the respiratory system. 

Figure 5. Reference diagram representing the 8th edition of TNM staging 
classification of lung cancer. 

Figure 6. Cytologic and histologic features of SCLC. 

Figure 7. Cytologic and histologic features of NSCLC adenocarcinoma. 

Figure 8. Cytologic and histologic features of NSCLC squamous cell 
carcinoma. 

Figure 9. Cytologic and histologic features of LCNEC. 

Figure 10. Genomic alterations in lung cancer. 

Figure 11. Different models of tumor heterogeneity. 

Figure 12. Representation of the process of biogenesis and secretion of 
different extracellular vesicles, including exosomes. 

Figure 13. Composition and cargo of exosomes. 

Figure 14. Exosomes as a key element in liquid biopsy for cancer study. 

Figure 15. Graphic scheme of the methodology used in the isolation of 
exosomes secreted in vitro. 

Figure 16. Graphical scheme of the operation of the Nanosight instrument. 

Figure 17. BEAMING dPCR operation scheme. 



 

XXX 
 

Figure 18. Graphic scheme of the methodology used to carry out the whole 
genome gene expression microarrays. 

Figure 19. Representation of the workflow required for the analysis of 
plasmatic EV samples using an nCounter panel. 

Figure 21. Plots of concentration and size distribution obtained using a 
NanoSight NS300 instrument in cell cultures-derived exosomes.  

Figure 22. Representative transmission electron microscopic images of 
exosomes isolated from 2D (a) and 3D (b) NSCLC cell cultures. 

Figure 23. Immunoblotting analysis for the exosomal surface markers. 

Figure 24. Flow cytometry analysis of the surface markers in exosomes 
isolated from cell cultures. 

Figure 25. Flow cytometry controls for validation of signal detection in 
exosome samples. 

Figure 26. EGFR and KRAS genes mutations analysis by BEAMing technology. 

Figure 27. Microarray transcriptomic analysis of exosome cargo from 
different growth conditions. 

Figure 28. miRNAs analysis in exosomes from 2D and 3D cultures. 

Figure 29. Transcriptomic microarray analysis of exosomal cargo from 
histological subtypes comparisons. 

Figure 30. Pathological processes enrichment of differentially expressed 
genes between LUAD and LUSC-derived exosomes. 

Figure 31. Transcriptomic microarray analysis of exosomal cargo from 
primary cell cultures and commercial cell lines. 

Figure 32. Validation of FDFT1 and SNAI1 expression in tumor-derived 
exosomes from 2D and 3D cell cultures. 

Figure 33. Validation of WNT5A expression in tumor-derived exosomes from 
2D and 3D cell cultures. 



 

XXXI 
 

Figure 34. Validation of XAGE1B and CABYR expression in tumor-derived 
exosomes from 2D cell cultures. 

Figure 35. Analysis of TTF-1 and SEPP1 expression in tumor-derived 
exosomes from 2D cell cultures. 

Figure 36. Analysis of RIOK3 and CAPRIN1 expression in tumor-derived 
exosomes from 2D cell cultures. 

Figure 37. Validation of XAGE1B expression in cell cultures-derived 
exosomes from both models (2D-monolayer and 3D-tumorspheres). 

Figure 38. Immunofluorescent staining of CABYR and XAGE1 in primary 
cultures. 

Figure 39. Prognostic value of SNAI1 in the TCGA NSCLC cohort. 

Figure 40. Mann–Whitney U-test of the histology-related biomarkers in 
TCGA cohort. 

Figure 41. Kaplan–Meier plots for OS according to the relative expression of 
SNAI1 in the global HGUV cohort (a) and LUAD group (b). 

Figure 42. Mann–Whitney U-test of the histology-related biomarkers in 
HGUV cohort. 

Figure 43. Median of relative expression of XAGE1B (a) and CABYR (b) in 
tumor tissue from HGUV NSCLC resected cohort vs. its expression in NAT 
(normal adjacent tissue) obtained by Mann Whithey test. 

Figure 44. Prognostic value of XAGE1B in the HGUV NSCLC cohort. 

Figure 45. Plot of size distribution obtained using a NanoSight NS300 
instrument in plasma-derived exosomes. 

Figure 46. Representative TEM images of multiple exosomes isolated from 
NSCLC plasma samples. 

Figure 47. Flow cytometry analysis of the surface markers CD63 and CD81 in 
exosomes isolated from NSCLC patients’ plasma. 



 

XXXII 
 

Figure 48. Comparison of different methods to detect EGFR alterations in a 
patient with a low mutant fraction. 

Figure 49. Comparison of dPCR-3D results on exosomal sample with low 
mutant fraction isolated from 1ml of plasma (a) and serum (b). 

Figure 50. Quantification and integrity of RNA obtained from plasma 
exosomes by bioanalyzer. 

Figure 51. Hierarchical cluster analysis of probes that have amplified within 
the plasma exosome cohort. 

Figure 52. Mann–Whitney U-test of the exosomal biomarkers in plasma 
cohort. 

Figure 53. Kaplan-Meier plot for RFS according to MICA expression levels of 
the LUSC group (TCGA cohort). 

Figure 54. Integration of results encompassed in this thesis. 

 

Figure S1. Flow cytometry control serial dilutions for validation of signal 
detection in exosome samples. 

Figure S2. Kaplan-Meier plots for survival according to clinicopathological 
variables for the TCGA cohort. 

Figure S3. Kaplan-Meier plots for survival according to clinicopathological 
variables for the HGUV cohort. 

Figure S4. Mann–Whitney U-test in HGUV cohort. Non-significant p-values 
for SEPP1 (a) and CAPRIN1 (b). 

Figure S5. Prognostic value of CABYR in the HGUV NSCLC cohort. 

  



 

XXXIII 
 

LIST OF TABLES 

Table 1. Summary of descriptors of the TNM Classification System 8th 
Edition. 

Table 2. Clinicopathological characteristics of the patients employed for the 
primary cell cultures establishment. 

Table 3. Main characteristics of the cell lines included in the study. 

Table 4. List of antibodies used for immunoblot (IB), immunofluorescence 
(IF) and flow cytometry (FC) analyses. 

Table 5. TaqMan® Assays used in dPCR for mutational status determination. 

Table 6. TaqMan® Gene Expression Assays used in RT-qPCR expression 
analysis. 

Table 7. Summary of the probes collected in the nCounter panel for their 
analysis in the plasmatic exosomal RNA samples. 

Table 8. Biological pathway enrichment in 3D (a) vs. 2D exosomes (b). 

Table 9. Exosome-derived miRNAs with most increased differential 
expression between LUAD and LUSC. 

Table 10. Clinicopathological characteristics of the patients included in 
HGUV NSCLC cohort. 

Table 11. Mutational analysis in cfDNA and exosomal DNA using different 
dPCR-based methods. 

Table 12. Comparative summary of exosomal DNA features isolated from 
NSCLC serum and plasma samples. 

Table 13. Clinicopathological characteristics of the patients included in 
NSCLC plasma cohort. 

 



 

XXXIV 
 

Table S1. The definition of descriptors of the TNM Classification System 8th 
Edition. 

Table S2. Molecular alterations detected in cell cultures-derived exosomes 
with different histologies. 

Table S3. Enrichment of GOBP categories according to the target genes of 
exo-miRNAs secreted from 2D and 3D cell cultures. 

Table S4. Enrichment analysis of pathological processes and its associated 
pathways based on the number of DEGs overlapped.  

Table S5. Clinicopathological characteristics of the patients included in the 
in silico cohort (TCGA database). 

Table S6. Results of survival analysis in the TCGA validation cohort, based on 
the expression of exosomal biomarkers found in plasma cohort. 

Table S7. Results of survival analysis in the TCGA validation cohort, based on 
exosomal expression of CD24 and MICA (previously detected in plasma 
cohort). 

 

 

 

 

 

 

 

 

 

 



 

 



 

 

 

 

 

 

 

 

 

I. INTRODUCTION 

 

 

 

 

 

 

 

 



 

 

 



Introduction 

3 

1. CANCER 

1.1. CONCEPT 

The term cancer encompasses a broad spectrum of diseases that can 

affect different types of cells and tissues, all of which share the uncontrolled 

growth of neoplastic cells [1]. Tumorigenesis is a multi-step process involving 

dynamic changes in the genome. These changes cause cancer cells to stop 

carrying out the homeostatic mechanisms that regulate normal and 

controlled proliferation, giving them a greater capacity for growth and 

promoting changes at histopathologic and molecular level different from 

those of normal cells. Cancer cells acquire the ability to migrate from the 

tissue of origin to other tissues and organs, a process known as metastasis 

[2].  

These newly acquired characteristics confer great complexity to tumors, as 

cancer cells are able to recruit different cell types (immune cells, tumor stem 

cells, endothelial cells, and cancer-associated fibroblasts) to serve as active 

helpers, creating a tumor microenvironment in which proliferation and 

invasion are favored [1].  

 

1.2. MOLECULAR FEATURES OF CANCER CELLS  

Hanahan and Weinberg postulated in 2000 a unifying model that 

proposed six characteristics or alterations in cell physiology shared by all 

tumor cell types, essential for the development of cancer (called Hallmarks 
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of Cancer). These alterations are defined as functional capacities acquired 

by tumor cells, through different mechanisms and at different steps during 

the course of tumorigenesis, which confer a series of evolutionary 

advantages upon the cells [1]. 

Eleven years later, the same authors proposed four new properties, thus 

constituting the 10 distinctive characteristics of cancer that we know today: 

1. Unlimited replicative potential 

2. Self-sufficiency in growth signals 

3. Insensitivity to growth inhibitors 

4. Evasion of apoptosis 

5. Inducing angiogenesis 

6. Capacity for invasion and metastasis 

7. Genomic instability and mutations 

8. Reprogramming energy metabolism 

9. Pro-inflammatory capacity 

10. Evasion of the immune system 

 

Furthermore, the authors posit that tumor biology cannot be understood 

simply by enumerating cancer hallmarks, but must also encompass the 

contribution of the tumor microenvironment [3]. 

In this last year, a new review published by Hanahan introduced several 

prospective new hallmarks and enabling characteristics, which might 

eventually be integrated as core components of the conceptualization of 
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cancer hallmarks. These parameters are: unlocking phenotypic plasticity, 

non-mutational epigenetic reprogramming, polymorphic microbiomes and 

senescent cells (Figure 1) [4]. 

(a) (b)

Figure 1. The hallmarks of cancer. This illustration represents the capabilities of cancer cells 
as proposed by Hanahan and Weinberg in 2011 (a). The hallmarks previously postulated 
together with the additional proposed emerging hallmarks and enabling characteristics in 
2022 (b) [4]. 

1.3. EPIDEMIOLOGY 

Cancer remains a leading cause of morbidity and mortality 

worldwide. The International Agency for Research on Cancer estimates that 

approximately 18.1 million cancer cases were diagnosed worldwide in 2018. 

The same agency has estimated that in 2020, approximately 19.3 million 

new cases will be diagnosed in the world (latest data available worldwide, 

estimated within the GLOBOCAN project) [5]. However, we know that the 

COVID-19 pandemic affected the number of cancer diagnoses in many 
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countries, so the actual number of cancers diagnosed in 2020 is likely to have 

been lower. Global estimates also indicate that the number of new cases will 

increase over the next two decades, reaching 28.4 million new cases per year 

in 2040 [5]. 

The most commonly diagnosed tumors worldwide in 2020 will be those of 

the lung, breast, colon and rectum, prostate, and stomach, all with more 

than one million cases (Figure 2) [6]. 

Figure 2. Most commonly diagnosed tumours worldwide. Estimate for the year 2020, both 
sexes. Adapted from [6] 

Cancer is also one of the main causes of morbidity and mortality in Spain. 

The number of cancers diagnosed in Spain in 2023 is estimated to reach 

279.260 cases (according to REDECAN calculations), a number very similar 

to that of the year 2020. However, as in the world, the reality may be slightly 

different as this estimate does not include the possible effect of COVID-19 

[7].  
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2. LUNG CANCER

2.1. EPIDEMIOLOGY AND RISK FACTORS 

Lung cancer is currently estimated to cause 2.2 million new cases and 

1.8 million deaths worldwide, making it the second most commonly 

diagnosed cancer and the leading cause of cancer death in 2020. Lung cancer 

is the leading cause of cancer morbidity and mortality in men, while in 

women it ranks third in incidence and second in mortality after breast cancer 

[8]. Incidence and mortality rates are approximately two times higher in men 

than in women, although the sex ratio varies widely by region. Moreover, 

incidence and mortality rates are three to four times higher in developed 

countries when compared to emerging countries (Figure 3) [9]. 

Nevertheless, this pattern may undergo transformation as the tobacco 

epidemic evolves, considering that over 80% of smokers aged ≥15 years 

reside in low- and middle-income countries. The survival rate of lung cancer 

patients at 5 years after diagnosis is only 10% to 20% in most countries 

(diagnosed between 2010 and 2014). [9].  
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Figure 3. Top cancer sites per country associated with estimated number of deaths in both 
sexes (all ages, excluding non-melanoma skin cancer). Data Source: GLOBOCAN 2020, 
graph production: IARC [5]. 

Low-dose computed tomography (LDCT) screening of high-risk individuals 

(current and former smokers) can help diagnose the disease at an early 

stage, when treatment has a higher success rate [10].  

The efficacy of annual LDCT screening in reducing lung cancer mortality has 

been validated in various independent international randomized clinical 

trials [11]. Despite these promising results, translating this benefit to the 

broader population has presented challenges, hindering the implementation 

of lung cancer screening as a vital component of a comprehensive strategy 

to alleviate the burden of this disease in the short term [12].  

Cigarette smoking continues to be the single most important risk factor, with 

over 90% of lung cancer cases attributed to smoking [13]. In addition, the 
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cancer risk increases with the duration of exposure, the number of cigarettes 

smoked per day, and the degree of inhalation [14–16] 

Tobacco smoke contains approximately 5,000 chemicals, including at least 

69 that are considered carcinogenic [17,18]. The carcinogenic potential of 

these substances is related to the secondary products formed during their 

metabolism. All of them are metabolized by cytochrome P450, which is 

largely involved in the response to xenobiotics and their detoxification. The 

accumulation of some of these by-products, which have the ability to react 

with DNA to form double-stranded adducts, favors the appearance of 

mutations that can affect genes relevant to the development of this 

neoplasia, such as TP53 [19,20].  

An area of increasing interest and incidence is lung cancer in never smokers 

(LCINS). LCINS has been recognised as a distinct disease entity from that in 

ever-smokers, and its significant impact has been indicated by being ranked 

in the most common cause of cancer death worldwide [21–23]. LCINS 

primarily occurs in women and younger patients, with adenocarcinoma (the 

most common histologic subtype) which start in the cells that would 

normally secrete substances such as mucus. [24]. Numerous risk factors 

have been suggested for the development of LCINS. Environmental or 

occupational exposure to certain carcinogens such as arsenic, asbestos, 

radon gas (among others) has also been proposed as a possible modulator 

of risk in the development of lung cancer. Other risk factors associated with 

this type of cancer are: diet rich in saturated fats, poor diet, air pollution, 



Introduction 

10 

infectious agents, female hormonal factors and other diseases such as 

diffuse cystic fibrosis [25–29].  

In addition to all the previously discussed external agents, genetic factors 

such as epigenetic alterations (including DNA methylation, histone 

modifications, and non-coding RNA expression), and previous diseases, have 

been widely reported in the literature to play an important role in the 

genesis of lung cancer [30]. Additionally, the presence of some single 

nucleotide polymorphisms (SNPs) in the human genome have been studied 

for their relationship with the risk of suffering from this neoplasia. Different 

studies have shown that patients with certain polymorphic variants present 

in specific regions of the genome were more likely to suffer from lung cancer 

compared to disease-free smokers or healthy individuals [31,32].  

Other groups have based their studies on demonstrating that punctual 

mutations in genes related to DNA repair mechanisms, such as the XPD gene 

(related to the NER-nucleotide excision repair pathway), were associated 

with an increased risk of lung cancer [33]. Additionally, mutations in 

cytochrome P450, which is related to the metabolism of drugs and 

carcinogens, occur more frequently in smokers and significantly elevate the 

risk of developing this disease. [34,35].  

In addition to this genetic background, the presence of other respiratory 

diseases is also considered a risk factor. Some pathologies such as asthma or 

pulmonary fibrosis have also been linked to an increased risk of lung cancer 
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[36,37]. The sum of these elements, along with late diagnosis, is what 

contributes to the overall poor prognosis of this type of cancer. 

2.2. PHYSIOLOGY OF THE LUNG 

The thoracic cavity contains two lungs, distinguished as the right lung 

and the left lung. Each lung is partitioned into distinct lobes, each further 

divided into independent segments. Within this anatomical arrangement, 

every segment (and consequently, each lobe) possesses its own dedicated 

vascular and lymphatic network. This unique organization ensures that the 

removal of a specific segment or lobe does not disrupt the vascular or 

lymphatic patterns in neighboring lung segments (Figure 4). Additionally, 

tumors originating in one segment typically follow an individual drainage 

pattern [38]. This characteristic enables the surgical removal of subunits of 

each lung, specifically targeting affected segments, without compromising 

the overall viability of the entire lung. Consequently, a comprehensive 

understanding of pulmonary architecture proves essential in effectively 

managing lung cancer. 

The development of lung cancer involves several stages, constituting a 

multistep process. Certain subtypes exhibit distinct premalignant precursor 

lesions [39]. Prior to acquiring invasiveness, the lung epithelium undergoes 

morphological transformations, encompassing hyperplasia, metaplasia, 

dysplasia, and carcinoma in situ. Among these, dysplasia and carcinoma in 

situ are recognized as the primary premalignant lesions due to their higher 
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likelihood of progressing to invasive cancer and lower tendency to regress 

spontaneously [40]. 

Figure 4. Physiological anatomy of the respiratory system [40]. 

2.3. DIAGNOSIS, STAGING AND PROGNOSIS 

2.3.1. DIAGNOSIS 

Frequently, the diagnosis of lung cancer is challenging due to 

insufficient detection programs and the delayed onset of clinical symptoms. 

Patients are typically initially diagnosed by the presence of symptoms such 

as persistent cough, hemoptysis, dyspnea, chest pain, weight loss, among 
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others [41]. Consequently, 70-75% of lung cancer patients are diagnosed 

with advanced disease, and 50% present with distant metastases at the time 

of diagnosis, which hinders the possibility of curative surgery [42].  

Subsequently, The National Lung Screening Trial (NLST) found that annual 

LDCT scanning over three years led to a 20% decrease in lung cancer 

mortality compared to chest radiography. The trial involved 53,454 high-risk 

individuals, with 59% being men. A subsequent analysis suggested a notable 

difference between genders, with women experiencing a greater screening 

benefit [43]. A few years later, a clinical trial called NELSON emerged as the 

second-largest randomized controlled trial focused on reducing lung cancer 

mortality through LDCT screening for high-risk individuals. NELSON reported 

that approximately 50% of cancers diagnosed in the screening group were 

at an early stage, with 65% to 70% classified as stages IA to II. In contrast, 

about 70% of cancers in the control group were diagnosed at stage III/IV. 

Overall, LDCT scanning resulted in a 26% reduction in mortality for high-risk 

men and an impressive 61% reduction for high-risk women over a 10-year 

period [43,44]. 

Simultaneously, histologic confirmation of the disease is essential for an 

accurate diagnosis, necessitating tissue examination. Patients with 

suspected resectable lung cancer may be diagnosed at the time of surgery. 

However, in patients who cannot tolerate surgery or when advanced disease 

is suspected, tissue from a biopsy may be obtained. It is essential to note 

that fresh samples are the preferred choice for molecular testing. Tissue 

samples preserved in paraffin blocks, despite optimal conditions, may alter 
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the sample's microenvironment. Therefore, in cases of recurrence or before 

making any changes in treatment decisions, it is advisable to opt for new 

biopsies. Consequently, a re-biopsy should be considered when deemed 

necessary for the benefit of the patient. 

In these cases, bronchoscopic techniques and endoscopic ultrasound (EUS) 

or endobronchial ultrasound (EBUS) are commonly used to obtain tumor 

biopsies [45,46]. 

2.3.2. STAGING AND PROGNOSIS 

Lung cancer staging is based on the tumor-node-metastasis (TNM) 

system established by the American Joint Committee on Cancer (AJCC). The 

system is based on the spread of the primary tumor (T), the extent of lymph 

node involvement (N), and the presence or absence of metastases (M) 

(Figure 5).  The latest revised version of the malignant tumor classification 

(8th TNM) was published in December 2016 and has been in effect since 

January 2017 [47]. The Staging and Prognostic Factors Committee is in 

charge of the process of proposing new recommendations. The newly 

established database consisted of 124,581 cases and their analysis are 

expected to provide proposals for changing the TNM classification toward 

the ninth edition, which is scheduled to be in use in January 2024 [48]. The 

combination of T, N, and M determines the specific stage of the disease 

(Table 1 and S1). Each of these has specific treatment and prognostic 
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implications, so it is critical to have a good classification of tumors before 

making any therapeutic decision.  

Table 1. Summary of descriptors of the TNM Classification System 8th Edition. Adapted 
from [49] 

T/M N0 N1 N2 N3 

STAGE 

T1a IA1 IIB IIIA IIIB 

T1b IA2 IIB IIIA IIIB 

T1c IA3 IIB IIIA IIIB 

T2a IB IIB IIIA IIIB 

T2b IIA IIB IIIA IIIB 

T3 IIB IIIA IIIB IIIC 

T4 IIIA IIIA IIIB IIIC 

M1a IVA IVA IVA IVA 

M1b IVA IVA IVA IVA 

M1c IVB IVB IVB IVB 



Introduction 

16 

Figure 5. Reference diagram representing the 8th edition of TNM staging classification of 
lung cancer. The upper part of the diagram classifies the different T categories through a 
comparison of the possible tumor dimensions. Subsequently, for a more efficient 
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classification, it is necessary to consider additional criteria for the invasion/extent of the 
primary tumor, if applicable. The invasion/extent criteria (endobronchial extension (A), local 
invasion (B), and separate tumor nodule(s) (C)) will be used exclusively to elevate, not 
decrease, the T classification. Finally, the lower diagram is necessary to determine the N 
and M classifications, combining them with the T category to establish the corresponding 
stage. The lower illustration outlines N1, N2, N3, and separate tumor nodule(s) of M1a 
based on a right-sided primary neoplasm (indicated by the letter T). For a left-sided lung 
neoplasm, mirror the image accordingly [50]. 

The importance of TNM also lies in the fact that it provides important 

prognostic and therapeutic information. Those tumors with a certain 

location and histology and with the same TNM classification have, in 

principle, the same behaviour [51]. The prognostic information of TNM is 

associated with stage, with overall survival (OS) decreasing as tumor stage 

increases [52].  

2.4. HISTOPATHOLOGICAL CLASSIFICATION 

To date, the anatomo-pathological classification of lung cancer is 

based on histological and pathological techniques. Histological evaluation 

and diagnosis is performed on tumor biopsy or cytological samples, obtained 

by different procedures according to the 2021 WHO Classification  and the 

results of specific markers determined by immunohistochemistry (IHC) [53]. 

The histological classification of lung cancer can be used to predict the 

prognosis of patients, as well as to personalize their treatment. They are 

generally recognized two fundamental subtypes of lung cancer based on the 
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histopathological characteristics: small cell lung cancer and non-small cell 

lung cancer [54].  

2.4.1. SMALL CELL LUNG CANCER (SCLC) 

SCLC is a high-grade neuroendocrine carcinoma that accounts for 

approximately 15% of lung cancers. It receives this name because of the size 

of its cells (Figure 6), characterized by a rounded oval morphology and scant 

cytoplasm. It tends to be located in the central area of the lung and can 

compress vessels or organs at that level. SCLC is closely associated with 

smoking and is characterized by a high mitotic rate and frequent extensive 

necrosis. Therefore, its rapid growth and aggressiveness are usually 

associated with a poor prognosis. [55]. Thus, by the time of diagnosis, the 

majority of the tumors cannot be resected as they have already spread, 

being chemotherapy the most frequent treatment option [56–58]. 

(a)  (b)

Figure 6. Cytologic and histologic features of SCLC. High-power field view of a formalin-
fixed paraffin-embedded (FFPE), hematoxylin and eosin (H&E)-stained slide at 20X. Scale 
bar 200 µm (a). IHC H&E staining at 40X. Scale bar 100 µm (b). — Images provided by the 
Pathology Department of the Hospital Clínico Universitario de Valencia (HCUV). 
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2.4.2. NON-SMALL CELL LUNG CANCER (NSCLC) 

NSCLC tumor cells are larger than normal epithelial lung cells (hence 

the name) and the location is usually peripheral or central. This is a slow-

growing tumor that usually originates from the bronchial epithelium. The 

recommended initial treatment for early stage (I-IIIA) NSCLC is surgery; 

however, due to the highly variable clinical manifestations at these stages, 

in 50% of cases diagnosed, the disease is already advanced, leaving the 

patient with no surgical option [59]. 

In addition, NSCLC is a group that includes several histologic subtypes, with 

adenocarcinoma, squamous cell carcinoma and large cell carcinoma being 

the most common. 

2.4.2.1. Lung adenocarcinoma - LUAD 

LUAD is the most common histologic subtype of NSCLC accounting 

for more than 40% of cases. It originates from bronchoalveolar cells, is 

usually found in the peripheral areas of the lung and is more likely to be 

surgically resected. When the tumor is well differentiated (commonly 

referred to as low grade), it resembles the normal glandular structure with 

an acinar, papillary, micropapillary, lepidic or solid pattern. In contrast, 

poorly differentiated (high-grade) ADCs have lost the glandular morphology. 

It is characterized as a carcinoma with acinar/tubular structure or mucin 

production, positive for TTF-1 (NKX2-1) (Figure 7) and/or napsin A by IHC 

[60,61]. 
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The sub-classification of lung adenocarcinomas has remained practically 

unchanged since its last modification in 2015, in which terms such as 

bronchoalveolar carcinoma (BAC) or the mixed subtype were excluded. In 

addition, new concepts such as adenocarcinoma in situ (AIS), minimally 

invasive carcinoma, invasive non-mucinous adenocarcinoma, invasive 

mucinous adenocarcinoma (IMA), colloid adenocarcinoma, fetal 

adenocarcinoma or enteric-type adenocarcinoma were introduced [53].  

(a)  (b)  (c) 

Figure 7. Cytologic and histologic features of NSCLC adenocarcinoma. High-power field 
view of an NSCLC FFPE piece, H&E-stained of a cancerous lesion and their adjacent non-
tumor tissue (10X) (a). IHC of H&E staining of the lung lesion (20X) (b). IHC staining of TTF-
1 reveals positivity corresponding to LUAD (20X) (c).  
Scale bar 200 µm. — Images provided by the Pathology Department of the Hospital Clínico 
Universitario de Valencia (HCUV).  

2.4.2.2. Lung squamous cell carcinoma - LUSC 

LUSC or the epidermoid subtype accounts for approximately 30% of 

all NSCLC and is associated with smoking habits and is more common in men 

than in women. It originates from the lining epithelium and is often found in 

the lobar or main bronchi. It is defined as carcinoma with keratinization or 

intercellular bridges with CK5/6, p40 and p63 positive staining by IHC. In 

2015, the WHO revised the classification to recognize three variants of SCC 
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based on histological examination (Figure 8). These three variants are: 

keratinizing, non-keratinizing, and basaloid [60–62].  

(a)  (b) 

Figure 8. Cytologic and histologic features of NSCLC squamous cell carcinoma. High-power 
field view of an NSCLC FFPE specimen, H&E-stained, depicting a cancerous lesion and its 
adjacent non-tumor tissue. (10X) (a). IHC staining of P63 reveals positivity corresponding to 
LUSC (10X) (b). Scale bar 200 µm. — Images provided by the Pathology Department of the 
Hospital Clínico Universitario de Valencia (HCUV). 

2.4.2.3. Large cell carcinoma - LCC 

LCC is the least frequent among the NSCLC, representing around 10% 

of lung cancers. This subtype consists of tumors that lack the cytological, 

architectural, and immuno-histochemical characteristics necessary for 

classification into other subtypes. Typically, it arises from undifferentiated 

lung epithelial cells and can be located in either the lung's periphery or 

centrally. On macroscopic examination, these tumors often exhibit a more 
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aggressive clinical course due to their rapid growth and propensity to 

metastasize [61]. 

2.4.3. NEUROENDOCRINE TUMORS (NETS) 

Neuroendocrine tumors (NETs) of the lung comprise a heterogenous 

population of tumors, including a spectrum of tumors from the low-grade 

typical carcinoid (TC) and intermediate-grade atypical carcinoid (AC) to the 

high-grade large-cell neuroendocrine carcinoma (LCNEC) and small-cell 

carcinoma [63].

LCNEC are most often situated within the periphery of the upper lobes and 

many times show extraparenchymal tumor extension and broad zones of 

tumor necrosis (Figure 9) [64]. Unlike SCLC, this subtype can be determined 

using traditional neuroendocrine immunohistochemical markers widely 

used in pathology practice including synaptophysin, chromogranin A and 

CD56 (NCAM1) [65].  

(a) (b) 

Figure 9. Cytologic and histologic features of LCNEC. High-power field view of a FFPE, H&E-
stained slide 20X (scale bar 200 µm) (a) and 40X (scale bar 100 µm) (b). This tumor shows 
different foci of necrosis (red-orange areas) within nests of carcinoid tumor cells. — Images 
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provided by the pathological anatomy service of the Hospital Clínico Universitario de 
Valencia (HCUV).  

NSCLC accounts for approximately 85% of all lung cancers. Therefore, given 

its high incidence among patients with lung neoplasia, it is the primary focus 

of our research development. 

2.5. MOLECULAR CLASSIFICATION OF LUNG CANCER 

Lung cancer is a molecularly heterogeneous disease, and a profound 

understanding of its biology is crucial for the development of effective 

therapies. Accumulation of mutations in different oncogenes and tumor 

suppressors is ultimately the cause of tumorigenesis for almost all lung 

cancers. Tumors are composed by cell subpopulations or clones with 

different molecular characteristics, which give rise to intratumoral 

heterogeneity. 

2.5.1. MOLECULAR CLASSIFICATION OF SCLC 

The most striking alterations found at the individual gene level in 

SCLC are the nearly uniform loss of function of the tumor suppressors TP53 

and RB1. Inactivating mutations in TP53 and RB1 have been shown to affect 

up to 90% and up to 65% of SCLC, respectively, indicating that the loss of 

these genes is an important event in the onset of SCLC development. Loss of 
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functional TP53 would therefore allow for genomic instability, which could 

be the basis for the further accumulation of driver mutations [66]. Other 

recurrent genetic aberrations have been identified in SCLC, among which 

MYC family genes, stand out as oncogenic drivers that may constitute novel 

therapeutically tractable targets [67].  

2.5.2. MOLECULAR CLASSIFICATION OF NSCLC 

Continuing with the various genomic alterations given in lung cancer, 

it should be noted that NSCLC is one of the most genomically diverse tumors, 

and therefore, there are a variety of molecularly defined subsets of patients 

characterized by specific sets of driver gene mutations (Figure 10).  
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Figure 10. Genomic alterations in lung cancer. The most common mutations (Mut), 
gene copy number variations (Amplifications or Deletions) (a) and translocations 
(b) according to histological subtypes [68].

2.5.2.1. LUAD genomic alterations 

EGFR and KRAS mutations, along with EML4-ALK fusions, represent 

the three most prevalent driver alterations in LUAD. From a clinical 

perspective, EGFR mutations are more frequently observed in female never-
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smokers and are linked to a more favorable prognosis. In contrast, KRAS 

mutations are associated with a poorer outcome, primarily because, until 

recently, there were no approved therapeutic agents available for KRAS-

mutant tumors [69]. 

Other driver genes preferentially mutated in LUAD, but at a significantly 

lower frequency (1–5%) include HER2 and MAP2K1/MEK1 which are 

mutually exclusive of PIK3CA, BRAF, EGFR and KRAS mutations [70].  

Also, oncogenic rearrangements leading to targetable gene fusions are well-

established cancer driver events in lung adenocarcinoma [71]. Less than 10% 

of LUADs harbor ALK rearrangements in Caucasian populations. Histological 

morphology of ALK rearranged LUAD is typically solid with few foci of signet 

ring cells [72]. Other cancer driver fusion genes in LUAD are ROS1, RET, 

NTRK1 and NRG1. The resulting chimeric proteins also are therapeutic 

targets [73,74]. 

2.5.2.2. LUSC genomic alterations 

Fewer actionable alterations have been identified in LUSC, and as a 

result, targeted therapies for these alterations have not yet been approved 

for clinical use. Recurrent alterations characteristic of LUSC include 

amplification of SOX2, PIK3CA, PDGFRA and FGFR1, and mutation of DDR2, 

AKT1 and NRF2. Despite the high frequency of SOX2 and PIK3CA 

amplification (20-30% of cases), no drugs are currently available to target 

these alterations [75].  
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2.5.2.3. Alterations common to both NSCLC subtypes 

Many alterations are observed at similar frequencies in both LUAD 

and LUSC, including TP53, BRAF, PIK3CA, MET and STK11 mutations, loss of 

PTEN expression and amplification of MET with BRAF, PIK3CA. TP53 

mutation is the most common mutation in both subtypes, occurring in more 

than 50% of samples, but targeting TP53 is inherently difficult due to the 

wide range of mutant proteins that exist and the multitude of complex 

protein-protein interactions [76].  

The molecular characterization of lung tumors has revealed that many of 

these mutations are typically present in the initiating clones, underscoring 

their role in tumor initiation [70]. This discovery makes them attractive 

targets for therapeutic intervention. In essence, our understanding of the 

tumor's molecular biology, coupled with the identification of alterations that 

drive oncogenic signaling, has prompted about a transformative shift in the 

treatment of this disease. It has paved the way for new therapies tailored to 

target specific mutations, offering not only improved quality of life and life 

expectancy for patients but also deeper insights into the various 

mechanisms of oncogenic resistance to antineoplastic treatments. 

In summary, NSCLC exhibits significant genomic diversity, impacting 

treatment and prognosis. For this reason, our study is centered on NSCLC. 
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2.6. NSCLC TREATMENT 

The treatment of NSCLC hinges on a multitude of factors, including 

the patient's functional status (PS: performance status), histologic type, lung 

functionality, and the various molecular alterations present in the tumor 

cells [77]. Treatment options encompass conventional methods such as 

surgery, radiation, or chemotherapy, as well as more recent therapeutic 

approaches like targeted therapies and immunotherapy. 

For patients in the early stages (stages I-II and select cases in stage IIIA), the 

primary curative treatment is complete surgical tumor resection. In specific 

cases, alternatives include radiofrequency ablation (RFA) or stereotactic 

body radiation therapy (SBRT) for stage I or II patients with a limited medical 

justification for surgery [78]. Nonetheless, there is a non-negligible 

percentage of patients who relapse. Neoadjuvant or adjuvant chemotherapy 

or radiotherapy can improve local control and is recommended for patients 

with resectable NSCLC [79].  

The evolution of advanced NSCLC treatment represents a significant 

milestone, transitioning from conventional non-specific regimens to 

personalized therapy tailored to the distinct characteristics of each patient's 

tumor. For advanced NSCLC patients with a favorable performance status, 

platinum-based doublet chemotherapy has traditionally served as the 

standard first-line treatment [80]. Pemetrexed maintenance demonstrated 

additional survival benefits if tumors had been at least stable after 4 to 6 

cycles of platinum-based dual therapy [81].  
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Other strategies involve the utilization of anti-angiogenesis monoclonal 

antibodies targeting vascular endothelial growth factor (VEGF) and its 

receptor (VEGFR). These approaches have demonstrated additional survival 

benefits when combined with first-line platinum-based double 

chemotherapy (bevacizumab) [82,83] or docetaxel second-line 

(ramucirumab or nintedanib) [84,85]. 

Thanks to a better understanding of tumor biology, mutational genomic 

alterations, cancer immunology and the tumor microenvironment, 

treatment paradigms for NSCLC patients have evolved along two main 

routes: (i) targeted molecular therapies based on different driver oncogenes 

in cancer cells and (ii) immune checkpoint inhibitors, which use monoclonal 

antibodies against specific ligands to reverse the immunosuppressive effects 

caused by tumor cells [86].

Targeted molecular therapy is now the first-line treatment for patients with 

NSCLC whose tumors harbor targeteable oncogene driver mutations due to 

its high efficacy and reduced toxicity [87,88]. Over the past decade, 

treatments for advanced NSCLC have evolved dramatically, allowing for 

more individualized selection of treatment options. Molecular profiles and 

immunologic status help determine treatment options.  

For example, patients with EGFR mutations, ALK rearrangement, ROS1 

rearrangements, BRAF mutations and NTRK mutations should receive FDA-

approved targeted therapy as first-line treatment [89]. Other oncologic 
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driver mutations such as RET, MET, and HER2 in NSCLC are also targets for 

treatment [90,91]. 

Under normal biological circumstances, the immune system can identify and 

eliminate cancer cells and other microorganisms through a carefully 

controlled mechanism that involves a balance of activating and inhibitory 

signals. Nevertheless, tumor cells possess the ability to interfere with this 

process, enabling the immune system to evade this surveillance [86].  

Immunotherapy (particularly immunologic blockades to checkpoints such us 

PD-1/PD-L1 axis, and CTLA-4) has opened new horizons significantly 

improving clinical outcomes in patients with NSCLC advanced without 

mutations in target genes. Roughly, it can be said that immunotherapy is 

based on the modulation of the function of the immune system by increasing 

its effectiveness in attacking cancer cells and stopping or delaying their 

growth [92,93]. Immune checkpoints blockers (ICBs) have been approved as 

a second-line therapy for patients with advanced NSCLC whose tumors 

progress to platinum-based chemotherapy or targeted therapies, as well as 

in the firt-line NSCLC setting [94]. 

However, while immunotherapy and targeted therapies have resulted in 

extended survival for certain patients, their effectiveness is not always 

uniformly consistent across all tumors. Resistance to treatment typically 

arises from the intricate nature of tumors, which comprise diverse cell 

populations and a microenvironment that facilitates their growth and 

expansion. This implies that treatments can affect different subclones of the 
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same tumor in diverse ways [95]. For this reason, it is necessary to use 

experimental models that allow us to obtain more information about the 

different cellular subpopulations that coexist within the tumour and their 

role in the biological processes involved in the progression of the disease. 

3. CELLULAR CLONALITY AND TUMOR HETEROGENEITY

It is crucial to consider that tumors are made up of a variety of cell 

types. Alongside tumor cells, there are cancer stem cells, stromal cells, 

endothelial cells, immune system cells, among others, collectively 

constituting the "tumor microenvironment".  This environment favors cell 

proliferation and invasion, exhibiting high heterogeneity that results in 

genetic diversity that can serves as a substrate for natural selection and 

tumor evolution [96]. 

3.1. MODELS OF TUMOR HETEROGENEITY 

In tumor tissue, we can identify subpopulations of cancer stem cells 

(CSC) or cancer stem-like cells (CS-LC), which have been widely associated 

with chemoresistance and tumor recurrence [97]. CSC/CS-LC were initially 

described as a rare subpopulation of cancer cells with unlimited self-renewal 

capacity and the ability to differentiate and repopulate the entire tumor. The 

classical CSC model proposed a hierarchical organization, based on the 
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existence of a cell within the tumor tissue with stem cell properties, capable 

of proliferating and maintaining itself indefinitely thanks to its self-renewal 

capacity [98,99]. In this model, only the CSC population has the capacity to 

generate and maintain the tumor, unlike the rest of the cells that form it, 

which do not have this capacity. However, subsequent experimental 

evidence suggests that cancer cells have great plasticity in their stemness, 

so cells that are not CSCs can also generate CSCs (Figure 11) [100,101].  

The stochastic model or model of clonal evolution of cancer, postulates that 

one or several cells of the tissue acquire a mutation and from this and 

through an uncontrolled division process, new genetic alterations are 

accumulating. Through the selection of the most suitable clones, they reach 

the stage of tumor cell, finally giving rise to the tumor [102]. According to 

this model, any resulting tumor cells would be capable of maintaining and 

expanding the tumor, as well as giving rise to new tumors (Figure 11). 

However, both models are not exclusive and have been proposed as a 

unified model by some authors [103].  

The ability to move from one cell compartment to another or between 

differentiated states of somatic and stem cells, is called cell plasticity [104]. 

According to this principle, the idea that there is a clear distinction between 

stochastic and hierarchical models is inaccurate. This is because stochastic 

events have the potential to generate new populations with hierarchical 

organization. Consequently, depending on the genotype and the 

communication within the microenvironment, groups of cancer stem cells 
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(CSC) can evolve to regain the capacity for long-term repopulation [105]. 

This capacity for dedifferentiation can be inherited (hierarchical theory) or 

acquired through mutations that lead to a permissive capacity similar to that 

of stem cells (stochastic theory) (Figure 11) [106]. Understanding these 

mechanisms can aid in the development of new tools for the diagnosis and 

treatment of tumors. 

Figure 11. Different models of tumor heterogeneity. Stochastic model, in which every cell 
in the tumor has tumorigenic potential (a). Hierarchical model, only cells with stem cell-like 
characteristics (i.e., CSC) have important role in tumor progression (b). Plasticity model, 
both CSCs and non-CSCs have important roles in tumorigenesis (c). Adapted from [107] 

3.2. CSC PROPERTIES AND TUMOR MICROENVIRONMENT 

The host microenvironment surrounding cancer stem cells (CSCs) or 

progenitor cells can significantly influence the initial tumorigenic potential 

of these cells [106]. Specific microenvironmental conditions may promote 
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the survival and growth of the most resilient clone, enabling it to evolve 

hierarchically and generate a substantial tumor mass. On the contrary, the 

same CSC or progenitor cell placed in an unfavorable environment may not 

contribute to tumor growth [108]. 

In this context, a 'niche' refers to a distinct anatomical, molecular, and 

cellular microenvironment within a tumor. As a result, multiple niches can 

coexist within a tumor, leading to the development of multiple distinct CSC 

populations and increasing overall cellular diversity [109]. 

3.3. 3D IN VITRO MODELS 

In the past decade, monolayer (2D) cell cultures and animal models 

have served as standard tools for cancer research. However, today, we are 

increasingly recognizing the various limitations associated with these 

models. 

Animal models offer an in vivo environment into which human cancer cells 

or small tumor fragments can be transplanted, promoting graft growth 

(xenografts) [110]. Nevertheless, these models come with significant 

drawbacks, including high costs and limitations related to maintenance, 

reproducibility, and experimental design flexibility. Notably, the major 

limitation in cancer research, such as PDX (patient-derived xenograft) 

models, is the absence of a functional immune system, a common issue in 

all xenograft models [111]. Moreover, promoting the welfare of 
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experimental animals encourages the use or development of alternative 

methods that reduce the necessity for in vivo experiments [112]. 

On one hand, 2D cell cultures offer a simple, cost-effective, and well-

standardized approach for studying the mechanisms and behavior of tumor 

cells. However, they inherently lack the ability to replicate the intricate 

complexity of in vivo tumor tissue for several reasons. Cells grown in 2D 

cultures fail to mimic many of the biological, chemical, and mechanical 

signals present in tissues. This is attributed to their limited adhesion in the 

x-y plane, forced apical-basal polarity, absence of soluble gradients, and 

unrestricted proliferation, among other factors [113]. 

Conversely, three-dimensional (3D) cultures are extensively utilized to 

explore the biology of epithelial tissues because they can faithfully replicate 

the 3D organization and functionality of cells within tissues. Significantly, 3D 

assays excel in replicating the in vivo conditions of specific cell populations 

within the tumor, thereby fostering the growth of a subpopulation of cancer 

cells with stem cell-like properties. This characteristic proves to be a 

substantial advantage in the exploration of potential cancer treatments. 

Utilizing 3D models to study CSCs can substantially enhance our 

comprehension of tumorigenesis, metastasis, and the various mechanisms 

that drive tumor recurrence and progression [114].  

In this context, 3D models offer the distinct advantage of providing solute 

gradients and allowing adhesion distribution across all three spatial 

dimensions, without enforced polarity. If the phenotypes of CSC-derived 3D 
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cultures can be controlled by adjusting the culture conditions, these cultures 

become valuable tools for investigating the relationship between CSC 

maintenance and differentiation induced by the tumor microenvironment. 

To achieve this, it's essential to experiment with well-characterized CSCs 

under the appropriate conditions [115–117].  

As a result, these 3D cultures have emerged as promising platforms for 

various applications, including the development of innovative drug delivery 

methods, the study of self-renewal and pluripotency, the establishment of 

primary cultures from patients, and the analysis of interactions between 

tumor cells and their microenvironment to identify novel biomarkers. 

In recent years, several techniques have been developed for the 3D culture 

of CSCs. The most common methods for creating tumorspheres include 

scaffold-free techniques or suspension cultures (using ultra-low binding 

plates), the hanging drop method, or organoid formation (embedding cells 

in a droplet of extracellular matrix). Additionally, there are approaches using 

scaffolds that enable co-culture with other cell populations, such as immune 

system cells or connective tissue cells (like cancer-associated fibroblasts, or 

CAFs) [118–120]. 

Tumorspheres are primarily generated by suspending single cells in a 

medium that is supplemented with several growth factors and without fetal 

bovine serum (FBS). Within this environment, a subset of tumor cells can 

survive and subsequently proliferate. As they continue to expand clonally, 

they form spheroids and acquire stem cell-like characteristics [121]. In 
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general, CSCs need specific conditions to support their self-renewal and 

specialized divisions, with hypoxia playing a particularly pivotal role. As 

tumorspheres grow and exceed several hundred microns in diameter, the 

cells on the outermost layer start consuming a significant amount of oxygen 

and nutrients. This, coupled with increased cell adhesion in the core, results 

in growth arrest or even necrosis in the innermost layers due to a lack of 

oxygen and sustenance [122,123]. Different studies show that hypoxia in 

tumor cells can cause an alteration in the gene expression profile, thus 

promoting different phenomena such as metabolic alteration and 

angiogenesis amongst others. So unlike 3D cultures, 2D cultures cannot 

generate this hypoxic environment and mimic the in vivo scenario as 3D 

cultures do [124–126].  

Extensive characterization of CSC properties in tumorspheres derived from 

any cancer cell line or tissue should be performed to ensure that the 

generated tumorspheres are truly enriched in the CSC population [127]. The 

formation of these tumorspheres is currently used for research in various 

types of tumors such as those of the colon, liver, breast, prostate and lung, 

among others [128].  

The use of these in vitro experimental models in the present study 

represents a powerful tool for investigating NSCLC, enabling us to unravel 

relevant biological information about the behavior and mechanisms of this 

type of tumors. 
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4. LIQUID BIOPSY

In recent years, there has been a growing demand for alternative sources of 

diagnostic, prognostic, and therapeutic response biomarkers to complement 

the clinical gold standard of tissue-based biopsies. These biomarkers support 

clinical decisions after tumor classification. Issues such as inadequate sample 

quality or insufficient tumor material can impede the establishment of a 

complete molecular profile of the tumor in many cases, leading to clinical 

delays [129]. Often, the urgency to initiate treatment outweighs the 

necessity for a comprehensive diagnostic assessment, especially in cases 

where prompt treatment is critical. Consequently, any technique that 

facilitates a safe, convenient, and expedited diagnostic process is of great 

benefit and can be readily integrated into routine clinical practice. 

Unfortunately, a significant proportion of patients present with advanced 

disease (stage III/IV) and surgery may not be indicated. In such cases, the 

only tissue that may be available for molecular profiling are small needle 

core biopsies or cytology specimens, which is not always sufficient due to 

lack of tumor material. This would need a further re-biopsy, which carries a 

complication risk [130]. Furthermore, biopsies in many cases are not feasible 

outright or at re-biopsy due to tumor location or patient’s performance 

status [131,132]. 

In this line, liquid biopsy is emerging as a new minimally invasive approach 

(through biological fluids) for the detection of relevant tumor characteristics 

in clinical practice. The liquid biopsy is composed of different analytes such 
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as circulating tumor cells (CTCs) or macromolecular tumor products 

including circulating cell-free DNA (cfDNA), circulating tumor DNA (ctDNA), 

circulating miRNA, extracellular vesicles (EVs), tumor educated platelets 

(TEPs) among others; which can provide information about the cells from 

which they were secreted during the different processes of the disease.[133] 

Moreover, considering the intratumoral spatial and temporal heterogeneity, 

the diverse components integrated into liquid biopsies can offer a more 

comprehensive representation of tumor cell populations and their 

molecular characteristics, including the tumor microenvironment. Liquid 

biopsies prove particularly valuable in scenarios requiring serial sampling, 

such as monitoring disease progression or detecting the emergence of 

resistance mutations to current targeted therapies. They also hold promise 

in identifying patients at risk of relapse after treatment and could potentially 

serve as a vital component of future screening protocols. 

Given the potential that liquid biopsy holds as a tool for the clinical 

management of this disease, it is vital to focus on the development and 

standardization of protocols for the isolation and processing of these 

analytes. This is to ensure that they can be routinely implemented in clinical 

practice in the near future. This thesis is based on addressing many of these 

aspects and needs related to the use of exosomes as a multidisciplinary 

approach. 
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4.1. EXTRACELLULAR VESICLES 

4.1.1. GENERAL FEATURES, CLASSIFICATION AND 
NOMENCLATURE 

Extracellular vesicles (EVs) are structures released by cells through 

active or passive regulation, or as a consequence of cell death [134]. These 

membrane-bound vesicular structures contain substantial amounts of 

biologically active information acquired from their origin cells, which can be 

transported to other cells or organs in homeostasis or disease conditions 

[135]. Likewise, they can be classified into different groups based on their 

size, morphological features, cellular origin or content. Some of the best-

known EVs will be highlighted below.  

In the first place, there are the so-called apoptotic bodies, which originate 

when cells enter apoptosis and as a consequence are subdivided into 

vesiculated bodies that have a size between 800-5000 nanometers (nm). 

Then, in a smaller size range we find the microvesicles (from 100 to 1000 

nm), which are released into the cellular environment by outpouching of the 

plasma membrane [136]. Finally, and as a subtype within microvesicles, 

there are exosomes that can have a size between 40-160 nm and whose 

biogenesis and release take place through a highly regulated process at the 

cellular level [135].  

In terms of nomenclature, the International Society of Extracellular Vesicles 

(ISEV) endorses the use of the term 'extracellular vesicle' as a generic term 

for particles naturally released from cells, enclosed by a lipid bilayer, and 
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lacking a functional nucleus (i.e., non-replicative). As there is still no 

consensus on specific markers for distinguishing between EV subtypes, such 

as 'exosomes' (of endosomal origin) and 'ectosomes' (of plasma membrane 

origin), assigning an EV to a particular biogenesis pathway remains a 

challenging task. One exception is when EVs are captured during the process 

of release using live imaging techniques. Therefore, it is imperative to clearly 

and prominently define the chosen term at the outset of any publication 

[137].  

Throughout the development of this thesis project, we will use the term 

'exosome.' Despite our inability to confirm its precise mechanism of 

secretion, 'exosome' is the term most commonly used to refer to this 

particular subtype of microvesicles. 

 

4.1.1.1. Exosomes 

Exosomes are very small vesicles (40-160nm), spherical in shape and 

composed of a lipid bilayer, which are secreted by most cell types. Its 

existence was first discovered in 1987 [138]. Initially, they were considered 

to be mere containers of cellular waste, but evidence began to emerge that 

they act as carriers of important information to distant tissues of the body 

and are able to modulate their physiology. They have been shown to act as 

messengers of biological information belonging to the cells from which they 

were secreted, both under normal conditions and in pathological processes 

[139].  
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In addition, they are also related to various cellular processes, proliferation, 

toxicity, control of cell activity, among others. For example, some studies 

pointed out that these vesicles are important modulators of the immune 

response, with great relevance for the spread or protection against diseases 

such as cancer or the infectivity of certain parasites [140,141].  

They would also be key elements in the differentiation of stem cells (of 

different origins) and in regenerative processes. Various studies have 

confirmed their presence in most biological fluids such as plasma, urine, 

tears, saliva, gastric juices, among others [142–144]. For these reasons, they 

are excellent candidates for disease progression biomarkers in liquid 

biopsies.  

 

4.1.2. BIOGENESIS AND SECRETION 

The biogenesis of exosomes commences with the formation of a 

structure known as the early endosome (Figure 12). This endosome 

comprises a vesicle containing an intraluminal space created by the 

invagination of the cellular plasma membrane. It resides within the cell's 

cytosolic compartment. Subsequent invaginations of the membrane 

generate additional intraluminal vesicles (ILVs), which will become future 

exosomes. These ILVs remain contained within the intraluminal cavity of the 

endosome, forming what is referred to as a multivesicular body (MVB) [145].  
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Figure 12. Representation of the process of biogenesis and secretion of different 
extracellular vesicles, including exosomes. [146] ER: Endoplasmic Reticulum; MVB: 
Multivesicular Bodies; PM: Plasma membrane.  

Two main molecular regulation mechanisms for its formation have been 

described. The main mechanism involves ESCRT proteins. Endosomal Sorting 

Complex Required for Transport (ESCRT) machinery is involved in the 

formation of ILVs, through the formation of different protein complexes that 

lodge or interact with the membrane of the early endosome, inducing its 

invagination [147]. ESCRT consists of four complexes plus associated 
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proteins: ESCRT-0 is responsible for cargo clustering in an ubiquitin-

dependent manner, ESCRT-I and ESCRT-II induce bud formation, ESCRT-III 

drives vesicle scission, and the accessory proteins (especially the VPS4 

ATPase) allow dissociation and recycling of the ESCRT machinery [148]. 

Alternatively, there is another pathway for sorting exosomal cargo into 

multivesicular bodies (MVBs) that operates independently of the ESCRT 

system. This pathway appears to rely on raft-based microdomains for the 

lateral segregation of cargo within the endosomal membrane [149]. 

Proteins, including tetraspanins, also play a role in exosome biogenesis and 

cargo loading. Tetraspanin-enriched microdomains (TEMs) are specialized 

membrane platforms found throughout the cell membrane, serving as 

compartments for the organization of receptors and signaling proteins [149]. 

Different specialized mechanisms ensure the specific sorting of bioactive 

molecules in exosomes, either through the ESCRT-dependent or 

independent mechanism (involving tetraspanins and lipids); which can act 

differently depending on the type of cell of origin [150]. Many of these 

proteins have been described and used as specific markers of exosomes, 

with Alix, CD9, CD63, CD81 and TSG101 as most relevant examples [151].  

Once the multivesicular body (MVB) is formed, it needs to fuse with the 

cellular membrane to release the exosomes. This fusion process is tightly 

regulated by a series of specific proteins (Figure 12). Among the first 

regulators identified were members of the Rab family of proteins, 

specifically Rab27a and Rab27b. Some authors noted that inhibiting these 
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proteins or their effectors resulted in a reduction in the tumor cells' ability 

to release exosomes [152].  

Another secretion regulation mechanism, especially interesting due to its 

relationship with cancer, is the one mediated by TP53. There is evidence that 

one of the transcriptional targets of this gene (TSAP6) is activated in 

response to DNA damage, favoring the secretion of exosomes [153]. 

Likewise, the action of some enzymes or the modulation of certain factors, 

such as the concentration of calcium ions or the pH; have also been related 

to the release of exosomes [154–156]. 

4.1.3. EXOSOMES CARGO 

One of the most interesting aspects in the study of exosomes is that 

their content does not seem to be an exact reflection of the biological 

information of the cells of origin [157]. It appears that the specific biological 

information carried by exosomes may have a biological purpose directed 

towards the recipient cells into which they will be internalized [158]. 

The composition of its lipid membrane is clearly distinguishable from the cell 

membrane. In exosomes, a special enrichment of saturated lipids 

(sphingomyelin, phosphatidylserine, ceramides and cholesterol) has been 

reported, which are related to the presence of the so-called "lipid rafts" 

[159,160]. We can identify various proteins in their cargo, including those 

linked to the cytoskeleton (like actin and tubulin), enzymes involved in 
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energy metabolism, proteins associated with vesicle transport (such as the 

Rab family), molecules responsible for cell adhesion (like tetraspanins), and 

those involved in the creation of exosomes (such as ESCRT complex proteins) 

(Figure 13).  

Several members of the tetraspanin protein family, including CD9, CD63, and 

CD81, are highly concentrated on the lipid bilayer surface of exosomes. 

Interestingly, transmembrane integrins and other proteins present on the 

exosome surface play a crucial role in determining the target cell type, 

contributing to organ-specific homing [161], or conversely, serving as a 

signature of the parental cells from which they originated [162]. Some of 

these adhesion molecules, such as CD9 and CD81, can facilitate direct 

membrane fusion between exosomes and recipient cells, allowing for the 

transfer of exosomal cargo (Figure 13). Other molecules, like CD55 and 

CD59, serve to protect exosomes from complement-mediated attacks, 

increasing their stability in circulation. Moreover, high levels of CD47 

expression on the exosome surface may enhance their resistance to 

phagocytosis by monocytes and macrophages [163].
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Figure 13. Composition and cargo of exosomes. Adapted from [146]. 

Hsp: Heat shock proteins, PI: Phosphatidylinostol, PS: Phosphatidylserine, PC: 
Phosphatidylcholine, PE: Phosphatidylethanolamine, GM: Gangliosides, TSG: Tumor 
suspectibility gene, TNF: Tumor necrosis factor, TGF: Transforming growth factor, 
TRAIL: TNF-related apoptosis-inducing ligand, FasL: Fas ligand, TfR: Transferrin receptor. 
PD-L1: Programmed death-ligand 1. 

Furthermore, exosomes contain abundant and diverse nucleic acids such as 

DNA, messenger RNAs (mRNAs), and microRNAs (miRNAs), being the last 

one the most abundant cargo and consequently, the focus of most 

exosomes’ biomarker research and functional studies [164,165].  
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Other types of RNAs, such as long non-coding RNAs (lncRNAs), long 

intergenic RNAs (lincRNAs), and circular RNAs, are also present [166–168]. 

The fact that exosomes exhibit such an extensive and diverse content, 

capable of traveling through various biological fluids protected from 

degradation, and being able to internalize into target tissues different from 

where they originated, makes their study particularly interesting for 

understanding the functioning of various biological processes. This is why 

exosomes have been chosen (from among all the elements offered by liquid 

biopsy) as the focus of study in the present work. 

4.2. EXOSOMES IN CANCER 

As mentioned earlier, exosomes are microvesicles that play a pivotal 

role in a wide range of biological processes. They have the ability to activate 

or inhibit various signaling pathways by transporting proteins, lipids, nucleic 

acids, and other substances to recipient cells. In the context of cancer, 

specifically, exosomes derived from cancer cells are involved in multiple 

aspects of tumor initiation and progression. This includes the formation of 

pre-metastatic niches, the development of the tumor microenvironment, 

angiogenesis, immune evasion, and the acquisition of aggressive 

characteristics. 

Notably, it has been observed that cancer patients exhibit higher levels of 

exosomes in their bloodstream compared to healthy individuals. Unlike CTCs 
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and ctDNA, exosomes can be produced in large quantities and remain stable 

as they circulate in different body fluids [169]. Over the past decade, several 

technologies have been developed for the isolation of exosomes from 

various biological fluids. As a result, real-time monitoring of changes in 

exosomal cargo holds the potential to offer valuable insights for the 

essential requirements of precision medicine, encompassing diagnosis, 

prognosis, and disease monitoring (Figure 14).  

Figure 14. Exosomes as a key element in liquid biopsy for cancer study [170]. Exosomes 
are secreted by living cells and released into the bloodstream and various biological fluids. 
Isolation can be achieved through different techniques such as ultracentrifugation, 
precipitation, size-exclusion techniques, or immunomagnetic separation. Subsequently, 
their contents can be analyzed using various molecular biology approaches, and the 
interpretation of these results can provide valuable information about the diagnosis and 
prognosis of patients, as well as aid in monitoring the course of the disease. 
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All of these factors underscore the importance of investigating exosomes as 

a significant source of non-invasive and valuable biomarkers in the context 

of cancer [171–174]. 

4.2.1. EXOSOMES AS A REGULATORS OF TME 

The term 'tumor microenvironment (TME)' encompasses the 

surroundings of a tumor, which include neighboring blood vessels, immune 

cells, stromal cells, signaling molecules, and the extracellular matrix [175].  

The cells that make up the TME exchange information through various 

signalling pathways, ranging from juxtacrine interactions and cell-cell 

junctions to secreted factors such as cytokines, chemokines and extracellular 

vesicles [176]. TME is now known to play an indispensable role in tumour 

biology and is involved in tumourigenesis, progression and response to 

treatment [177]. Tumour cell-derived exosomes not only mediate cell-cell 

communication between tumour cells from different subpopulations with 

different clonal heterogeneity, but also remodel the tumour 

microenvironment by modulating the properties of different surrounding 

(non-tumour) cell types [178].  

Within the tumor stroma, CAFs are the main cellular components of the TME 

in most solid cancers. Tumour cell-derived exosomes mediate the 

phenotypic change of fibroblasts into CAFs, being one of the key factors in 

oncogenic transformation [179]. CAF-derived exosomes (CDEs) promote 

cancer cell growth by inhibiting mitochondrial oxidative phosphorylation, 
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thereby increasing glycolysis and glutamine-dependent reductive 

carboxylation in cancer cells [180]. CDEs can enhance cancer growth and 

spread through EMT. They can also mediate the interaction between tumour 

and immune cells to induce immunosuppression and immune tolerance 

[181]. 

Moreover, it's important to highlight that cancer cells can employ various 

strategies to evade the immune system. One major approach involves 

hindering the function of antigen-presenting cells or cytotoxic cells, directly 

preventing their recognition, and activating immunosuppressive cells. Some 

studies have shown that CSCs release exosomes containing RNA and 

proteins to participate in T-cell-mediated immune surveillance evasion 

[182]. Some researchers showed that CSC-Exos were rich in 

immunosuppressive proteins, such as programmed death ligand 1 (PD-L1). 

PD-L1 is highly expressed on the surface of tumour cells and binds to its 

surface receptor to inhibit T-cell activation, causing cancer cells to evade 

anti-tumour immunity [183].  

In hypoxic conditions, tumor cells can release exosomes that carry 

transforming growth factor beta (TGF-β), potentially promoting Treg cell 

activity while inhibiting NK cell cytotoxicity, ultimately creating an 

immunosuppressive environment. Treg cells may impede antigen-

presenting cell maturation by expressing CTLA-4 or by producing inhibitory 

cytokines, actively contributing to tumor development and progression 

[184–186]. 
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4.2.1.1. Exosomes role in tumor angiogenesis  

One of the fundamental processes that characterize cancer 

progression is the angiogenesis [187], which consists of the growth of new 

blood vessels [188]. Oxygen deprivation is a primary factor responsible for 

triggering tumor angiogenesis. The tumor's vascular microenvironment 

plays a significant role in stimulating the metabolism of tumor cells, 

prompting the release of crucial angiogenic growth factors. These growth 

factors are essential for activating the microvasculature [189]. The newly 

formed blood vessels supply the tumor with vital nutrients and oxygen, 

facilitating its growth and enabling cancer cells to detach from their primary 

site and disseminate through the bloodstream to distant organs [187].  

Tumor cells actively generate, release, and harness exosomes to stimulate 

proliferation, migration, and angiogenesis. Exosomes derived from tumor 

cells are potent angiogenic regulators, as they transport specific proteins 

that can be taken up by endothelial cells, thereby influencing their 

angiogenic capabilities in response to the cargo carried by the exosomes 

they internalize [190–192].  

 

4.2.2. EXOSOMES IN METASTATIC NICHES 

Exosomes have been shown to play a prominent role in priming 

specific organs as premetastatic niches, favoring sites for future 

dissemination and metastatic seeding [193]. In addition, tumor-derived 

exosomes may contain specific integrins that determine their organotropism 
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[194]. It has been shown that exposure to certain traditional cancer 

treatments can alter the content and function of exosomes concerning the 

pre-metastatic niche. In 2018, Keklikoglou et al. observed that extracellular 

vesicles released by breast cancer cells following exposure to 

chemotherapeutic drugs played a role in promoting the formation of a pre-

metastatic niche in the lungs. This was achieved by the presence and 

transferring of exosomal annexin 6 to induce Ccl2 [195].  

In the context of tumor heterogeneity, exosomes are pivotal components, 

as they govern interactions among subclones of cancer cells with varying 

metastatic potentials. In simpler terms, this means that exosomes derived 

from the most aggressive cells may have the ability to expedite tumor 

progression within a heterogeneous primary tumor by activating distinct 

signaling pathways in the recipient cells [196].  

Notably, the process of EMT plays a crucial role in the initial phases of 

metastasis. It is characterized by the loss of cell polarity and cell-cell 

adhesion in epithelial cells, along with an increase in the migratory and 

invasive capabilities of mesenchymal stem cells [197]. Tumour-derived 

exosomes may promote the initiation and progression of metastasis by 

targeting EMT-related factors. Specifically, exosomes can trigger an EMT 

process through MAPK/ERK signalling [198].  

This process can disrupt endothelial stability by causing the loss of VE-

cadherin, leading to endothelial hyperpermeability. Inside the tumor, 

exosomes released by aggressive subclones play a role in accelerating tumor 
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progression by spreading malignant properties. These properties affect both 

tumor cell plasticity and endothelial cell behavior. As a result, tumor cell-

derived exosomes can enhance the metastatic process by not only 

promoting the formation of pre-metastatic niches that facilitate tumor 

growth at secondary sites but also by speeding up the initial stages of the 

metastatic cascade right within the primary tumor where these subclones 

coexist [196].  

The above-mentioned findings highlight that exosomes are capable of 

carrying relevant information about the aggressiveness of a tumor. 

Potentially, this means that by studying these microvesicles, we could 

predict whether the disease will lead to a metastatic process or not, before 

it occurs. This predictive value as biomarkers makes exosomes key tools for 

the study and treatment of this type of cancer. 

 

4.2.3. EXOSOMES IN TUMOR PROLIFERATION AND 
CHEMORESISTANCE 

In order to proliferate rapidly, cancer cells require a significant 

amount of energy. Oxidative phosphorylation, although efficient, is too slow 

to meet the high energy demands of tumor cells. As a result, a metabolic 

shift from oxidative phosphorylation to glycolysis is initiated [199].  

Exosomes have been found to enhance the growth rate of lung cancer cells 

by promoting glycolysis. In a study analyzing exosomes from irradiated lung 

cancer cells, researchers identified elevated levels of exosomal ALDOA and 



Introduction 

55 

ALDH3A1, which were linked to the stimulation of glycolysis, ultimately 

leading to increased cell proliferation [200]. 

Furthermore, macrophages can release exosomes with tumor-promoting 

properties. Wang et al. (2020) demonstrated that macrophage-derived 

exosomes enhance glycolysis, contributing to the resistance of lung cancer 

cells to cisplatin chemotherapy. Molecular pathway analysis revealed that 

these exosomes contained high levels of specific miRNAs that reduced 

NEDD4L expression and stabilized c-Myc, further promoting glycolysis [201]. 

Moving on to a different aspect, the STAT3 signaling pathway is considered 

oncogenic as it suppresses apoptosis, encourages cell cycle arrest, and 

promotes epithelial-mesenchymal transition (EMT), leading to increased 

growth and metastasis [202]. STAT3 expression has been shown to be 

associated with a worse prognosis in patients with different types of cancer 

[203,204]. In addition, intercellular transfer of this marker through 

exosomes can contribute to the development of acquired drug resistance 

[205]. 

Chemoresistance has become a major obstacle in cancer treatment. An 

interesting point in this process is that exosomes may be involved in the 

inactivation of chemotherapeutic agents that initiate drug resistance [206]. 

Furthermore, exosomes can induce the egress of some molecules (such as 

cisplatin) from tumour cells under hypoxic conditions, demonstrating that 

they can prevent their internalisation. In this case, overexpression of STAT3 

under hypoxic conditions has been shown to be crucial for the release of 
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exosomes and the triggering of cisplatin resistance in some tumour types 

[207].  

Moreover, exosomes can reduce effective drug utilisation by increasing their 

outflow. For this purpose, ATP-binding cassette (ABC) transporter proteins 

are ATP-driven pumps responsible for transferring drugs to the outside of 

the cell [208]. Some authors [209] found that chemoresistant breast cancer 

cells can transmit P-gp to sensitive cells via CSC-exosomes, making the 

sensitive cells resistant to chemotherapy. Diverse studies have shown that 

CSC-exosomes has the ability to horizontally transfer drug resistance by 

transmitting genetic material, which can cause sensitive cells to become 

resistant [210,211].  

4.3. NSCLC-DERIVED EXOSOMES 

Having discussed the role of exosomes in the primary processes of 

disease development, this section will now concentrate on their utility as 

diagnostic and prognostic biomarkers and their current application in clinical 

practice, particularly in lung cancer. 

As previously mentioned, liquid biopsy involves the detection of tumor-

related biomarkers extracted from bodily fluids, offering a minimally 

invasive and more comprehensive approach for early detection and 

investigation of the tumor's molecular profile. As a result, alternative 

diagnostic methods are currently under exploration. 
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To date, the majority of exosomal biomarker studies in lung cancer are based 

on small RNAs such as miRNAs or lncRNA. Several publications in recent 

years have highlighted the role of some exosomal miRNAs as tools to 

discriminate between healthy patients and individuals with lung cancer 

[212–214]. In parallel, Li et al. (2019) postulated that low levels of the non-

coding RNA GAS5 (growth arrest-specific transcript 5) detected in exosomes 

by liquid biopsy, can be used for the identification of NSCLC [215]. In many 

cases, these biomarkers, detected in blood with high sensitivity, can be 

detected at early stages of NSCLC. However, other type of biomarkers 

present in exosomes can provide valuable information for the clinical 

management of these patients. Some specific proteins detected in plasma 

exosomes, such as CD151, CD171 and tetraspanin 8, have been found to be 

higher in lung cancer patients irrespective of histological subtypes when 

compared to healthy controls [216].  

Furthermore, exosomal biomarkers have been associated with some of the 

most common histologies in this type of cancer. For instance, a study by Jin 

et al. in 2017 revealed specific exosomal miRNAs in lung cancer patients, 

such as miR-181-5p, miR-30a-3p, miR-30e-3p, and miR-361-5p, which were 

linked to adenocarcinoma, as well as miR-10b-5p, miR-15b-5p, and miR-

320b for patients with LUSC. These findings were identified through next-

generation sequencing (NGS) and demonstrated diagnostic accuracy [217].  

Regarding prognosis, certain exosomal biomarkers can predict treatment 

response. For instance, in ALK-positive NSCLC patients, reduced plasma 

exosome levels of Tim-3 and Galectin-9 are indicative of a positive response 
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to first-generation ALK-TKIs [218]. In addition, it has also been shown that 

the presence of some exosomal markers in patients may be a potential clue 

for predicting the efficacy of immunotherapy in advanced NSCLC [219] or 

unexpected responses to radiotherapy, such as toxicity [220]. Meanwhile, 

downregulation of serum exosome miR-146a-5p indicates poor progression-

free survival (PFS) and predicts the effect of cisplatin on NSCLC [221].  

Moreover, some exosomal membrane-bound proteins such as NY-ESO-1, 

PLAP, EGFR, Alix and EpCam have been correlated with overall survival (OS) 

in NSCLC. These and other exosomal elements have been implicated in the 

prognosis of NSCLC patients in recent years [222–224]. 

Currently, research on biomarkers for NSCLC is primarily in the pre-clinical 

phase. While promising results are emerging, suggesting their potential use 

in screening programs and as prognostic/predictive biomarkers, several 

barriers hinder their clinical translation. Among the key challenges are the 

absence of reliable cut-off points and the significant variability between 

studies [225]. Moreover, a major obstacle is the lack of an approved tool for 

isolating exosomes from clinical samples up to this point. 

To make the quantum leap, large-scale prospective clinical trials are needed 

to demonstrate their clinical utility. Clinical trials play a key role in the 

translational application of exosomes as a diagnostic, prognostic and 

therapeutic tool.  

 



Introduction 

59 

A search carried out on https://clinicaltrials.gov/ct2/search in June 2023, 

shows about 13 trials that are related to exosomes in NSCLC.  

It is probable that as more of these findings emerge and the aforementioned 

questions are addressed, exosomes (as part of liquid biopsy) will indeed 

emerge as a promising marker in the field of lung cancer in the near future. 





II. HYPOTHESIS AND OBJECTIVES
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The hypothesis proposed in this work is founded onseveral key 

premises: 

Lung cancer remains the primary global cause of cancer-related mortality, 

exhibiting a disheartening 5-year survival rate of less than 15%. With 

advancements in clinical management, the demand for improved diagnostic, 

prognostic, and predictive biomarkers is crucial. Ideally, these biomarkers 

should provide non-invasive methods, enabling continuous patient 

monitoring throughout the disease. Liquid biopsy has emerged as a 

promising approach. Extracellular vesicles, and in particular exosomes, 

harbor essential genetic information and have the ability to transfer it to 

different parts of the body via internalization into neighboring cells. Beyond 

their role in cellular communication, exosomes actively participate in various 

tumor-related processes, including promoting malignancy, facilitating 

angiogenesis, and aiding immune system evasion. 

Hypothesis: The study of exosomes secreted in NSCLC offers significant 

insights into the molecular characteristics of this disease, enabling the 

discovery of prognostic and predictive biomarkers. Their isolation from 

minimally invasive samples and high sensitivity render exosomes a valuable 

tool for diagnoses and monitoring lung cancer patients. 

Main objective: The primary objective of this thesis work is to characterize 

and analyze NSCLC exosomes obtained from cell cultures and peripheral 

blood samples. This aims to advance our understanding of the disease 
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mechanisms and to identify potential biomarkers that could significantly 

improve the clinical management of NSCLC patients. 

The specific objectives established are the following: 

1) Evidencing the presence of exosomes in the supernatant of cell cultures

and peripheral blood samples of NSCLC patients; quantification and 

morphological characterization of the obtained exosomes. 

2) Detecting the presence of exosomal surface markers to validate the

sample’s nature and determine the most abundant in NSCLC. 

3) Analyzing in these tumor exosomes the expression of relevant biomarkers

and signaling pathways aiming to comprehend and identify the molecular 

mechanisms involved in modulating the disease. 

4) Evaluating the association between the different markers obtained in

exosomes with the clinicopathological NSCLC variables and patients’ 

prognosis. 

5) Determining the presence of the most frequent alterations of this

pathology in exosomes. 

6) Integrating the findings of the proposed exosomal markers and evaluating

their clinical significance as potential biomarkers in the management of 

NSCLC. 
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1. MATERIALS 

1.1. RECRUITED PATIENTS 

The study was conducted in accordance with the Declaration of 

Helsinki, and the protocol was approved by the Ethical Review Board of the 

General University Hospital of Valencia. Demographic and clinicopathologic 

characteristics were collected for all patients recruited for the study. Follow-

up was performed according to the institutional standards for resected 

NSCLC.  

Informed consent was obtained from each donor prior to sample collection. 

The study was approved by the Institutional Review Board of the General 

Hospital and was conducted in accordance with the International Code of 

Ethics for Biomedical Research Involving Human Subjects (CIOMS). 

 

1.1.1. TISSUE SAMPLES 

This study included 186 patients from the General University Hospital 

of Valencia who underwent surgery between 2004 and 2016. Lung tumor 

samples were obtained at the time of surgery and met the following eligibility 

criteria: candidate for surgical resection, untreated, older than 18 years, not 

pregnant, stage I-IIIA (according to the American Joint Committee on Cancer 

staging manual) with a histological diagnosis of NSCLC. A subset of patient 

tumor samples was processed immediately for primary culture establishment, 
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and the remainder were stored in RNAlater (Applied Biosystems, USA) at -

80°C until further analysis.  

 

1.1.2. BLOOD SAMPLES 

Peripheral blood samples were collected from 50 patients with NSCLC 

in 10 ml EDTA K2 tubes (BD Vacutainer®, Plymouth, UK). Blood samples were 

delivered to the laboratory and immediately centrifuged at 2,000 x g for 10 

min at room temperature (RT). The supernatant was collected and 

centrifuged at 1,500 x g for 10 min at RT to remove dead cells and debris 

(including platelets and fibrin). Cell-free plasma was used immediately or 

aliquoted into 2-4 ml vials and stored at -80°C until further processing. 

 

1.2. ESTABLISHMENT OF PRIMARY CELL CULTURES  

Surgical tumor specimens were washed and minced into small pieces. 

Tumor dissociation was carried out by enzymatic digestion (1 mg/ml 

collagenase type IV, 1 mg/ml dispase, and 0.001% DNAse, Sigma, St. Louis, 

USA) for 3 h at 37 °C. Once tumor cells were successfully disgregated, half of 

the cells were designated for monolayer culture, while the remaining half was 

seeded in suspension for the formation of tumorspheres (See section “2.1. 

Tumor cell culture growth conditions” of the Introduction). For this study, 4 

well-stablished patient-derived lung cancer cultures were employed (Table 2). 
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Tumor profiling of each patient-derived culture was determined by next-

generation sequencing (NGS) using Oncomine Focus Assay (Thermofisher 

Scientific, USA) and Ion GeneStudio S5 System (Thermofisher Scientific, USA) 

to have a complete tumor profiling of each patient’s sample.  

 

Table 2. Clinicopathological characteristics of the patients employed for the primary cell 
cultures establishment. 

DFS: disease-free survival, LUAD: lung adenocarcinoma, LUSC: lung squamous cell 
carcinoma, WT: wild type. 

 

1.3. COMMERCIAL NSCLC CELL LINES 

Thirteen human NSCLC cell lines (A549, NCI-H1395, NCI-H1650, NCI-

H1975, NCI-H2228, NCI-H358, NCI-H460, HCC-827, NCI-H520, NCI-H1703, 

LUDLU-1, SK-MES-1, PC9, and SW900) were used for the in vitro experiments. 

LUAD and the LUSC SW900 cell lines were purchased from American Type 

Culture Collection (ATCC, USA), whereas the rest of the LUSC cell lines were 

Patient 

code ID 
Gender 

Age 

(years) 
TNM stage Histology 

Smoking 

status 

Progression 

& exitus 

DFS 

(months) 

Tumor 

mutational 

status 

301 Male 71 
IIB 

(T3N0M0) 
LUSC Former No 75.50 

TP53 
p.S261V*fs
84, PIK3CA 
p.G118D 

343 Female 60 
IB 

(T2aN0M0) 
LUAD Former Yes 7 

TP53 
p.R158L 

435 Male 70 
IIB 

(T3N0M0) 
LUAD Current No 24 

KRAS 
p.G12C, 
PIK3CA 

p.H1047R 

471 Female 83 
IIA 

(T2BN0M0) 
LUAD Never No 27 

PIK3CA 
p.D538N 
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kindly provided by Dr J. Carretero (University of Valencia, Spain) (Table 3). All 

cell cultures (primary and commercial) were tested for Mycoplasma before 

the inititiation of the experiments and repeted periodically.  

Table 3. Main characteristics of the cell lines included in the study. 

LUAD: adenocarcinoma, LUSC: squamous cell carcinoma, UK: unknown. 

Cell Line Gender Age (years) Histology Relevant mutations 

NCI-H1650 Male 27 LUAD EGFR p.E746_A750del 

NCI-H1975 Female UK LUAD 
EGFR p.L858R+ p.T790M, 

PIK3CA p.G118D, TP53 
p.R273H

NCI-H2228 Female UK LUAD 
EML4-ALK fusion, TP53 

p.Q331*, RB1 p.E204fs*10 

NCI-H358 Male UK LUAD KRAS p.G12C 

A549 Male 58 LUAD KRAS p.G12S 

HCC-827 Female 39 LUAD 
EGFR p. E746_A750del, TP53 

p.V218del

NCI-H1395 Female 55 LUAD BRAF p.G469A 

PC-9 Male UK LUAD 
EGFR p.E746_A750del, TP53 

p.R248Q

SW900 Male 53 LUSC KRAS p.G12V, TP53 p.Q167* 

NCI-H520 Male UK LUSC TP53 p.W146* 

NCI-H1703 Male 54 LUSC - 

SKMES-1 Male 65 LUSC TP53 p.E298* 

LUDLU-1 Male 72 LUSC TP53 p.R248W 
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2. METHODS 

2.1. CELL CULTURE GROWTH CONDITIONS 

Tumor cells growth in monolayer (2D cultures) were cultured in 

DMEM-F12 (primary cultures) or RPMI-1640 (commercial cells lines) 

containing 10% FBS, 200 µg/ml penicillin/streptomycin, 2 mM L-glutamine 

(for DMEM-F12), and 0.001% non-essential amino acids (for RPMI-1640). To 

generate tumorspheres (3D cultures), cells cultivated in a monolayer were 

trypsinized at 80% confluence using 0.05% trypsin-EDTA. These cells were 

then seeded at a low density in ultra-low attachment flasks (Corning, USA) 

containing serum-free medium (a mixture of DMEM-F12 and RPMI-1640) 

supplemented with 0.4% BSA, 50 µg/ml EGF, 20 µg/ml bFGF, 5 µg/ml ITS 

PREMIX, 2% B27, and 200 µg/ml penicillin/streptomycin (Gibco™, USA). 

 

2.2. EXOSOMES CHARACTERIZATION 

2.2.1. EXOSOME ISOLATION FROM CELL CULTURES 

To isolate tumor-derived exosomes obtained from cell cultures, cells 

were grown in T175 cm2 flask until 70-80% confluence during 72 hours, in 30 

ml of FBS-depleted media (in case of monolayer cultures). After 72 hours, 

supernatant was differentially centrifuged at 500 g for 5 minutes, and then at 

3,000 g for 20 minutes to eliminate cell detritus. Afterwards, the supernatant 

was filtered through a 0.2 µm filter (Corning, USA), and ultracentrifuged at 
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110,000 g for 1:45h (CP-NX, P50AT2 Rotor; Hitachi, Japan). A second 

ultracentrifugation was performed to wash the first pellet obtained; 

exosomes were resuspended in 30 ml of PBS. All centrifugations were 

performed at 4°C. Finally, exosomes were resuspended in a small volume (30-

60 µl) of filtered-PBS and stored at -80°C until the corresponding analysis 

(Figure 15). 

Figure 15. Graphic scheme of the methodology used in the isolation of exosomes secreted 
in vitro. (Own design created with BioRender.com) 

2.2.2. EXOSOMES ISOLATION FROM PLASMA SAMPLES 

Before isolation of exosomes, each aliquot of plasma was centrifuged 

at 3,000 g for 10 min at 4°C, discarding any type of sediment to ensure 

complete removal of cell debris and macrovesicles. Exosomes were isolated 

from 500-600 µl of NSCLC plasma by ExoGAG (Nasas Biotech, Spain). In this 
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case, plasma samples were incubated with 1-1.2 ml of ExoGAG reagent 

(NasasBiotech, Spain) during 5 min at 4°C. EVs were collected by 

centrifugation at 16,000 g during 15 min at 4°C (Eppendorf, Hamburg, 

Germany) and resuspended in PBS. 

2.2.3. NANOPARTICLE TRACKING ANALYSIS (NTA) 

Size distribution and concentration of isolated exosomes were 

measured using a NanoSight NS300 instrument (Malvern Instruments, Ltd., 

Malvern, UK). The instrument was calibrated using silica microspheres of 

different diameters prior to sample analysis. To perform the measurements, 

samples were diluted uniformly 10 to 100-fold in 0.1 µm-filtered PBS solution, 

to reduce the number of particles in the field of view to fewer than 100 per 

frame. This technique combines laser light scattering microscopy with a 

charge-coupled device (CCD) camera, which enables the visualization and 

recording of nanoparticles in solution (Figure 16).  

Figure 16. Graphical scheme of the operation of the Nanosight instrument [226]. 
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The NTA software is then able to identify and track individual nanoparticles 

moving under Brownian motion and relates the movement to a particle size 

according to the following formula derived from the Stokes-Einstein equation 

[227] 

(𝐱, 𝐲)𝟐 =
𝟐𝒌𝒃𝐓

𝟑𝑹𝒉𝛑𝛈

where kB is the Boltzmann constant and (𝐱, 𝐲)𝟐 is the mean-squared speed of 

a particle at a temperature T, in a medium of viscosity η, with a hydrodynamic 

radius of Rh.  

Readings were taken 5 times during 60 seconds at 10 frames per second at 

room temperature. Approximately 3×108 particles/ml sample were 

conducted to assess the size distribution and concentration. Data was 

analyzed using nanoparticle tracking analysis software v3.1 with camera level 

set to 10 and detection threshold to 5 (Malvern Instruments Ltd. Amesbury, 

UK). 

2.2.4. NEGATIVE-STAINING AND TRANSMISSION ELECTRON 
MICROSCOPY OF EXOSOMES 

Six μl of exosomes resuspended in PBS were placed onto Formvar 

carbon-coated grids and contrasted with 2% uranyl acetate. Sample 

preparations were visualized using a FEI Tecnai G2 Spirit transmission electron 

microscope (FEI Europe, Netherlands). Imaging was performed using a Gatan 
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UltraScan US1000 CCD camera and data was analyzed with Digital Micrograph 

1.8 (Gatan, Ametek, USA).  

2.2.5. IMMUNOBLOTTING 

Cell lines and isolated exosome pellets were lysed using a lysis buffer 

composed by: 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.02% NaN3, 0.1% 

sodium dodecyl sulfate (SDS), 1% NP40, 0.5% sodium deoxycholate, 2 mg/ml 

leupeptin, 2 mg/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride (PMSF), 

and protease inhibitor cocktail (Roche, Switzerland). Bradford assay (Pierce, 

Rockford, USA) was employed to quantify the total protein concentration. 25 

μg of total protein were separated on 10% SDS–polyacrylamide gel and 

electro-transferred to a 0.45 μm polyvinylidene difluoride (PVDF) membrane 

(Millipore, USA). The membrane was then blocked with 5% skim milk for 1 h 

and immunoblotted overnight at 4°C with CD9 anti-rabbit (Abcam, UK), 

TSG101 anti-mouse (Abcam, UK), Calnexin anti-rabbit (Abcam, UK), and β-

actin anti-mouse (Sigma-Aldrich, USA). Afterwards, membranes were 

incubated with anti-IgG (whole molecule)-Peroxidase secondary antibodies 

(Sigma-Aldrich, USA; Thermo Fisher Scientific, USA) during 1h at room 

temperature (Supplementary Table 3). For chemiluminescent detection, the 

high sensitivity Amersham ECL Select™ detection reagent (GE Healthcare, 

USA) was used. 
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2.2.6. FLOW CYTOMETRY ANALYSIS 

Isolated exosomes were incubated for 1h with human CD81-PE and 

human CD63-APC antibodies (Miltenyi Biotech, USA) (Table 4) in PBS. 

Negative control for background fluorescence was performed using the same 

antibodies incubated in PBS. After incubation, exosomes were acquired using 

FC500 MPL Flow Cytometer and CytExpert v2.3 software (Beckman-Coulter, 

Inc., USA). Finally, samples with positive staining for the antibodies of interest 

were treated with Triton 0.01% for 15 min at RT to lyse exosome’s lipid bilayer. 

This point was performed to confirm that previously obtained signal mostly 

disappears, and could serve as a control to dismiss positivity due to cell debris. 

Table 4. List of antibodies used for immunoblot (IB), immunofluorescence (IF) and flow 

cytometry (FC) analysis. 

Antibody Dilution Catalog nº Supplier Technique 

B-Actin Anti-Mouse mAb (Clone AC-15) 1:10.000 A5441  Sigma-Aldrich IB 
Calnexin Anti-Rabbit pAb 1:1000 Ab75801 Abcam IB 

CD9 Anti-Rabbit mAb (Clone EPR2949) 1:500 Ab92726 Abcam IB 
TSG101 Anti-Mouse mAb (Clone 4A10) 1:200 Ab83 Abcam IB 

Anti-Mouse IgG (whole molecule)-
Peroxidase 

1:2000 A9044 Sigma-Aldrich IB 

Anti-Rabbit IgG (whole molecule)-
Peroxidase 

1:2000 Sc-2313 Santa Cruz 
Biotec. 

IB 

XAGE1 Anti-Goat pAb 1:100 Ab27477 Abcam IF 
CABYR Anti-Rabbit pAb 1:100 Ab243417 Abcam IF 

Alexa Fluor 555 Anti-Rabbit IgG (H+L) 1:1000 A-31572 Thermofisher IF 
Alexa Fluor 488 Anti-Goat IgG (H+L) 1:1000 A-11078 Thermofisher IF 

CD63-APC (Clone REA1055) 1:50 130-118-151 Miltenyi Biotec. FC 
CD81-PE (Clone REA513) 1:50 130-118-481 Miltenyi Biotec. FC 
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2.3. NUCLEIC ACIDS ISOLATION 

2.3.1. RNA ISOLATION AND INTEGRITY 

2.3.1.1. Exosomes from cell cultures  

RNA from cell culture pellets and tumor frozen tissue samples was 

extracted using standard TRI Reagent® RNA Isolation Reagent, (Sigma-Aldrich, 

USA) method. Exosomal total RNA derived from cells cultures was isolated 

using the Total RNA Purification Kit (Norgen Biotek, Canada). RNA integrity 

and concentration were assessed with the Agilent 2100 Bioanalyzer (Agilent, 

USA), using RNA 6000 Nano and Pico Kit (Agilent, USA). 

2.3.1.2. Exosomes from plasma 

The exoRNeasy Midi Kit (Qiagen, Germany) was used to enrich for EVs 

from 600 μl plasma, according to the manufacturer’s instructions. In the 

exosome purification stage, prefiltered sample (with particles larger than 0.2 

μm excluded) is mixed with Precipitation Buffer and bound to an exoEasy 

membrane affinity spin column. The bound exosomes are washed and then 

lysed with QIAzol. In the RNA extraction step, chloroform is added to the 

QIAzol eluate, and the aqueous phase is recovered and mixed with ethanol. 

Total RNA, including miRNA, binds to the spin column, where it is washed 

three times and eluted.  

To remove co-isolated DNA from the resuspended RNA, the DNA-freeTM 

DNA Removal Kit (Thermo Fisher Scientific, USA), was used according to 
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manufacturer instructions. In short, 1 μl DNase buffer and 0.5 μl enzyme 

were added to 7.5 μl RNA sample, followed by incubation at 37°C for 30 min 

and DNase removal. 

2.3.1.3. Fresh tissue from NSCLC cohort  

RNA isolation was carried out using Tri Reagent® (Invitrogen) 

according to the manufacturer’s instructions. For tumor samples, a piece of 

10-20 mg of tissue was dissected and 1 ml of Tri Reagent® was added. 

Samples were homogenized using TissueLyser (Qiagen) and 200 µl of 

chloroform was added in order to separate the aqueous phase containing 

the RNA. Isopropanol was used to precipitate the nucleic acids and ethanol 

was used for washing. Total RNA was dissolved in nuclease-free water and 

stored at -80°C until further analysis. 

2.3.2. DNA ISOLATION FROM CELL CULTURES/PLASMA-
DERIVED EXOSOMES 

DNA was extracted from exosomes using QIAamp DNA Micro kit 

(Qiagen, Germany) according to the manufacturer’s instructions. DNA 

concentration was quantified using Qubit dsDNA high sensitivity assay, 

according to the manufacturer's protocol (Thermo Fisher Scientific, USA). 
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2.4. ANALYSIS OF THE MUTATIONAL STATUS 

2.4.1. EXOSOMAL MUTATIONAL STATUS FROM ESTABLISHED 
NSCLC CULTURES 

 2.4.1.1. Mutational status determination by BEAMing 

digital PCR 

For EGFR, KRAS and BRAF DNA mutation analysis, BEAMing digital PCR 

technique (Beads, Emulsions, Amplification, and Magnetics) (Sysmex Inostics, 

Inc., USA) was used (Figure 17).  

Figure 17. BEAMING dPCR operation scheme. Adapted from [228]. BEAMing is an emulsion 
PCR-based method. It involves the use of streptavidin-coated magnetic beads bounded to 
biotinylated reverse primers inside the compartments, to ensure that one strand of the PCR 



Materials & Methods 

80 

product binds to the beads. After amplification, each compartment contains a bead coated 
with thousands of copies of the single DNA molecule originally present. A magnet can be used 
to retrieve these beads. BEAMing beads accurately reflect the diversity of DNA present in the 
template populations. The Universal Probe is used to distinguish between beads that contain 
PCR product and those that do not by binding to an amplicon outside the target region. Using 
this method, it is possible to identify what proportion of a DNA population contains a 
particular mutation. The signal-to-noise ratio of hybridization or enzymatic assays is 
extremely high because each bead contains thousands of molecules with an identical 
sequence. Finally, using flow cytometry, millions of beads can be analyzed in a matter of 
minutes, obtaining a digital PCR diagram where the different populations (wild type and 
mutant) are arranged. PCR: polymerase chain reaction; dNTP deoxynucleotide 
triphosphate. 

2.4.1.2. Detection of ALK rearrangements by RT-qPCR 

Starting from the exosomal RNA previously extracted, ALK gene 

rearrangements were determined by the ALK Gene Fusions and ROS1 Gene 

Fusions Detection Kit (Amoy Diagnostics, China), mRNA was transcribed to 

cDNA at 42°C for 1 hour and the gene fusion was readily detected by 

quantitative real time PCR (RT-qPCR), according to the manufacturer's 

protocol. 

2.4.2 EXOSOMAL MUTATIONAL STATUS FROM BLOOD 
SAMPLES OF NSCLC PATIENTS 

To identify KRAS and EGFR mutations in human exosomal DNA, digital 

PCR was performed using Taqman SNP Genotyping assays (Table 5) on the 

Quantstudio 3D system (Thermofisher, USA) according to manufacturer’s 

instructions. Samples concentration greater than 3 ng/µl of DNA was diluted 
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in elution buffer to ensure proper cluster separation during analysis. The 

functional abundance was calculated and reported as a percentage using the 

formula below [229]: 

𝑭𝒖𝒏𝒄𝒕. 𝑨𝒃𝒖𝒏𝒅𝒂𝒏𝒄𝒆 (%) =  
𝑻𝒐𝒕𝒂𝒍 𝒏º 𝒐𝒇 𝒎𝒖𝒕𝒂𝒏𝒕 𝒂𝒍𝒍𝒆𝒍𝒆𝒔

𝑻𝒐𝒕𝒂𝒍 𝒏º 𝒐𝒇 𝒂𝒍𝒍𝒆𝒍𝒆𝒔
 − 𝑨𝒗𝒆𝒓𝒂𝒈𝒆 𝒇𝒂𝒍𝒔𝒆 𝒑𝒐𝒔𝒊𝒕𝒊𝒗𝒆 𝒓𝒂𝒕𝒆

Table 5. TaqMan® Assays used in dPCR for mutational status determination. 

Assay ID Gene 
COSMIC 

ID 
Exon 

Nucleotide 
mutation 

Amino 
acid 

change 

Genome 
location 

Hs000000026_rm EGFR 6224 21 c.2573T>G p.L858R
chr.7 

55191822 
GRCh38 

Hs000000029_rm EGFR 6240 20 c.2369C>T p.T790M
chr.7 

55181378 
GRCh38 

Hs000000047_rm KRAS 516 2 c.34G>T p.G12C 
chr.12 

25245351 
GRCh38 

Hs000000056_rm KRAS 532 2 c.38G>A p.G13D
chr.12 

25245347 
GRCh38 

The analysis of the digital PCR data was performed using QuantStudio 3D 

Analysis Suite, following manufacturer’s instructions. The detection limit of 

the assay was determined using exosomal DNA extracted from cell lines. 

Also, DNA extracted from NSCLC cell lines and plasma cfDNA samples were 

used as reference (mutant DNA). False positive rate and threshold (intensity) 

limit for mutant alleles were determined using wild-type DNA at 
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concentrations representative of that of samples - 4 replicates at 0.1, 0.2 and 

0.3 ng/ml for patients (total amounts of DNA = 0.65, 1.3, 1.95 ng, 

respectively), and 1 and 2 ng/ml for healthy donors (total DNA = 6.5 and 13 

ng, respectively). The average false positive rate was calculated from all 

replicates, and used to calculate the reported functional abundance.  

2.5. GENE EXPRESSION ANALYSIS 

2.5.1. WHOLE mRNA EXPRESSION PROFILING OF EXOSOMES 
DERIVED FROM CELL CULTURES 

Total RNA was extracted from exosomes derived from H1650, H1975, 

H2228, SW900, FIS 301, and FIS 343 cell cultures grown in both 2D and 3D 

conditions. Two distinct biological replicates were analyzed for each sample 

using the TRI Reagent® RNA Isolation Reagent (Sigma-Aldrich, USA). 

Subsequently, 13 ng of exosomal RNA underwent amplification, labeling, and 

hybridization utilizing the ClariomTM D Assay for human (Thermofisher, USA), 

following the manufacturer’s instructions. Briefly, the cDNA preparation and 

biotin labeling were conducted using the Affymetrix GeneChip WT Pico Kit. 

The arrays were then subjected to a 16-hour incubation at 45°C with 60 rpm 

rotation in an Affymetrix GeneChip 645 hybridization oven. Finally, scanning 

was performed using an Affymetrix® GeneChip Scanner 3000 7G at a 570nm 

wavelength excitation (Figure 18). 
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Figure 18. Graphic scheme of the methodology used to carry out the whole genome gene 
expression microarrays. Starting from exosomal RNA samples until obtaining the results for 
analysis (Own design). 

Input files were normalized to eliminate systematic sources of variation that 

were not differences in expression (efficiency in colour marking, amount of 

RNA, and spatial effects of the chip, among others). The robust multiple-array 

average (RMA) algorithm was calculated using Affymetrix Expression Console 

and Transcriptome Analysis Console 4.0 software. CEL files were used to 

analyze significant changes in gene expression profiles and were statistically 

filtered using Partek Genomic Suite 6.6 software (Partek Inc., USA). 

Afterwards, a one-way ANOVA was performed and statistically significant 

genes were identified using a p-value < 0.05. Data are deposited in Gene 

Expression Omnibus (GEO) – NCBI database: GSE198238. 
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Pathway enrichment analysis was performed on the differentially expressed 

genes (DEGs) obtained by histology using Pathway Studio. The lists of 

pathological processes assigned to each of these gene sets were trimmed at 

approximately 100 lowest p-values (p< 0.01), being 4 the minimum of 

overlapped DEGs for each process. Data were rendered in a bubble plot using 

the Ggplot2 package of R-Studio (RStudio, Inc.). 

2.5.2. DIFFERENTIAL GENE EXPRESSION VALIDATION USING 
RT-QPCR 

Reverse transcription–quantitative real time PCR was performed to 

validate the relative expression of the most significant differentially expressed 

genes in transcriptome microarrays and reference genes (Table 6). This step 

was done using a LightCycler®480 II system (Roche, Switzerland). Reverse 

transcription reactions were performed using 500 ng (cells and tissue 

samples) and 150 ng (exosomes samples) of total RNA, random 

hexanucleotides and the High-Capacity cDNA (complementary DNA) Reverse 

Transcription Kit (Applied Biosystems, USA), following the manufacturer’s 

instructions. RT-qPCR was performed with assays based on hydrolysis probes 

using 1 μl of cDNA, 2.5 μl TaqMan Gene Expression Master Mix and 0.25 μl 

TaqMan Gene Expression Assay (Applied Biosystems, USA) in a 5 μl final 

reaction volume. To calculate the efficiency, random-primed qPCR Human 

Reference cDNA (Clontech, USA) was used. ACTB, GUSB, and CDKN1B were 

selected as endogenous controls using GeNorm software 
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(https://genorm.cmgg.be/) for tissue analysis, whereas ACTB and GAPDH 

were selected as an endogenous control for exosomes samples. Relative gene 

expression levels were expressed as the ratio of target gene expression and 

the geometric mean of the endogenous gene expressions according to Pfaffl 

formula [230]. 

Table 6. TaqMan® Gene Expression Assays used in RT-qPCR expression analysis. 

Gene Symbol Gene name Assay ID 

ACTB≠ Actin, Beta Hs99999903_m1 

GAPDH≠ Glyceraldehyde-3-phosphate dehydrogenase Hs99999905_m1 

GUSB≠ Glucuronidase, beta Hs01558067_m1 

CDKN1B≠ Cyclin-dependent kinase inhibitor 1B Hs00153277_m1 

XAGE1B/E X Antigen Family Member 1B/E Hs00220764_m1 

CABYR 
Calcium Binding Tyrosine Phosphorylation 

Regulated Hs00201830_m1 

NKX2-1 NK2 Homeobox 1 Hs00968940_m1 

SEPP1 Selenoprotein P, plasma, 1 Hs01032845_m1 

CAPRIN1 Cell Cycle Associated Protein 1 Hs00195416_m1 

RIOK3 RIO Kinase 3 Hs01566923_m1 

FDFT1 Farnesyl-diphosphate farnesyltransferase 1 Hs00926054_m1 

SNAI1 Snail family zinc finger 1 Hs00195591_m1 

WNT5A 
Wingless-type MMTV integration site family, 

member 5A Hs00998437_m1 

≠ reference gene 
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2.5.3. GENE EXPRESSION PANEL IN PLASMA-DERIVED 

EXOSOMES 

The nCounter® Low RNA Input Amplification Kit (NanoString 

Technologies, USA) was used to retrotranscribe and pre-amplify 4 μl EV-

derived RNA from 36 NSCLC plasma samples, using 10 cycles. 

Retrotranscription was carried out in 0.5 ml tubes while pre-amplification, 

using primers targeting the genes included in the panel (NanoString 

Technologies). Reaction was performed in 384-well plates to prevent sample 

evaporation (NanoString Technologies). Subsequently, exo-cDNA was pre-

amplified according to manufacturer instructions and samples were 

hybridized for 18 h at 65°C (Figure 19). A human custom panel consisting of 

30 genes was used to analyze plasma-derived EVs, including biomarkers 

associated with CSCs population, immune and drug response, proliferation 

and cell cycle, and other genes associated with lung cancer presented in 

previous analysis (Table 7).  
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Figure 19. Representation of the workflow required for the analysis of plasmatic EV samples 
using an nCounter panel. Adapted from [231]. 

Table 7. Summary of the probes collected in the nCounter panel for their analysis in the 
plasmatic exosomal RNA samples. 

Gene Accession Position 

ACTB≠ NM_001101.2 1011-1110 
CABYR NM_153769.2 524-623 
CD24 NM_013230.2 1860-1959 

CD274 NM_014143.3 502-601 
CD44 NM_001001392.1 430-529 

CDKN2A NM_000077.4 560-659 
CTNNB1 NM_001098210.1 1816-1915 
CXCL8 NM_000584.2 26-125 
CXCR2 NM_001557.2 2056-2155 
EPCAM NM_002354.1 416-515 
FDFT1 NM_001287742.1 1696-1795 

GAPDH≠ NM_001256799.1 387-486 
IFITM1 NM_003641.3 483-582 
LGALS3 NM_001177388.1 496-595 
MICA NM_000247.2 1064-1163 

MMP13 NM_002427.2 952-1051 
MMP9 NM_004994.2 1531-1630 
NKX2-1 NM_003317.3 2012-2111 
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RIOK3 NM_003831.3 1921-2020 
RPL19 NM_000981.3 316-415 
RPL7A NM_000972.2 67-166 
S100A2 NM_005978.3 568-667 
SNAI1 NM_005985.2 64-163 
SOX2 NM_003106.2 152-251 
STAT1 NM_007315.3 1796-1895 
STAT3 NM_003150.3 2061-2160 
STK31 NM_031414.2 2301-2400 
TP63 NM_003722.4 1296-1395 

WNT5A NM_003392.3 476-575 
XAGE1B NM_001097604.2 401-500 

≠ reference gene 

2.5.3.1. Data normalization and analysis 

Raw nCounter counts of expressed genes were normalized in R and R-

studio v3.6.3 using the R package NanoStringNorm [232]. Normalization was 

performed following several steps: technical assay variability normalization 

using the geometric mean of the positive control probes, background 

correction using the mean plus two times standard deviation (SD) of the 

negative control probes, and sample content normalization using the total 

amount of counts for each sample. Normalized counts were log2-transformed, 

and used for differential expression (DE) analysis. Log2 fold change (FC) of 

each gene was calculated as the ratio of average log2 transformed counts of 

the cancer patient cohort vs. the housekeeping genes included. Heatmap was 

used to visualize log2 FC values of each gene included in the panel (on the y-

axis), corresponding to the different patients analyzed (on the x-axis).  



Materials & Methods 

89 

2.6. IMMUNOFLUORESCENCE ANALYSIS  

Cells were fixed in 4% paraformaldehyde in PBS at room temperature 

for 15 min, washed with PBS, permeabilized with 0.4% Triton X-100 in PBS for 

10 min, and washed again with PBS. Permeabilized cells were blocked with 

PBS containing 1% BSA for 1 h, and subsequently incubated with XAGE1 anti-

goat [1:100] (Abcam, UK) and CABYR anti-rabbit [1:100] (Abcam, UK) 

antibodies in blocking buffer overnight at 4°C. Thereafter, cells were washed 

with PBS and incubated with Alexa-labelled IgG secondary antibodies (Table 

4) for 1h. Slides were incubated with 4′,6-diamidino-2-phenylindole for 3 min, 

mounted with Fluoromount Aqueous Mounting Medium (Sigma-Aldrich, 

USA), and analyzed using a Leica confocal microscope (Leica Microsystems, 

USA).  

 

2.7. IMMUNOHISTOCHEMICAL ANALYSIS 

Sections 4 µm thick were obtained from the most representative 

formalin-fixed, paraffin-embedded block of each NSCLC tumor for analysis. 

Immunohistochemical staining was performed using standard technique of 

antigen retrieval and development of avidin-biotin-peroxidase complexes 

(ABC). Briefly, 4-µm tissue sections were deparaffinised in xylene and 

mounted on Poly-L-lysine-coated slides. All slides were subjected to a heat-

based antigen retrieval method using DAKO Target Retrieval Solution (Agilent, 

USA), containing 10 mM citrate buffer (pH 6) and a water bath (95–99°C) for 
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approximately 20 minutes before immunostaining. Primary antibody to TTF-

1, DAKO clone 8G7G3/1 (Agilent, USA) at manufacturer’s recommendation 

dilution (1:200) was used. Slides were counterstained with hematoxylin. 

Sections of TTF-1–positive LUAD were used as positive control. The primary 

antibody was replaced by diaminobenzidine (3,3’-diaminobenzidine) solution 

for the negative controls. TTF-1 nuclear staining was graded as negative (<5%), 

weak positive + (5–49%), and strong positive ++ (>50%) based on the 

percentage of tumor nuclei with unequivocal staining. 

 

2.8. IN SILICO DATASET VALIDATION  

In silico analysis was performed using different lung cancer datasets 

from The Cancer Genome Atlas (TCGA) consortium [233,234]. RNA-seq data 

and clinical information were downloaded from the ICGC Data Portal: 

https://dcc.icgc.org/releaes/current/projects/LUAD-US 

https://dcc.icgc. org/releases/current/projects/LUSC-US.  

Limma package from Bioconductor was used to obtain normalized RNA-seq 

data. Fit linear models for the genes were obtained before constructing the 

different contrast matrixes. Given the linear models, Empirical Bayes statistics 

were computed for differential expression analysis. 
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2.9. STATISTICAL ANALYSIS  

Non-parametric Mann–Whitney U and Kruskal–Wallis tests were used 

to compare continuous variables; Spearman’s rank test was used to assess 

correlations between continuous variables, whilst the association between 

discrete variables was evaluated by the χ2 test. Survival analyzes were 

performed using univariate Cox regression analysis and Kaplan–Meier (log-

rank) test method with clinical pathological variables and gene expression 

levels dichotomized using median as a cut-off value. A probability of 95% (p< 

0.05) was considered statistically significant for all analyzes. Statistical analysis 

was performed using the Statistical Package for the Social Sciences (SPSS, 

USA) version 15.0 and GraphPad Prism version 6.0. 

 

2.10. OTHER STATISTICAL METHODS  

DIANA mirPath online enrichment tool [235] was employed for the 

enrichment analysis of predicted miRNA targets. P-values were calculated 

using the hypergeometric test and adjusted with multiple Benjamini and 

Hochberg testing. Functional categories were considered as significantly 

enriched if at least 5 genes were assigned and the corrected p-value was 

lower than 0.05. Pathway enrichment analyzes were performed by online 

tool Enrichr [236]. DEGs were collected as an input gene sets and compared 

against the GO and KEGG libraries of annotated genes to identify which 

genes that significantly overlaps. The significance of overlapping between 

two gene sets was calculated by hypergeometric test.
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CHAPTER 1: CELL CULTURES 

1.1 CHARACTERIZATION OF EXOSOMES DERIVED FROM NSCLC 
CELL CULTURES  

A total of 4 primary cell cultures from NSCLC patients and 13 lung 

cancer commercial cell lines grown in 2D-monolayer and 3D-tumorspheres 

conditions were used to characterize tumor-derived exosomes (Figure 20). To 

determine the efficiency of the methodology employed for the isolation of 

these exosomes, several techniques for their characterization were used.  

The objective of intiaitng experiments with cell culture models is to conduct 

an initial global screening of exosome content exclusively originating from 

NSCLC tumor cells. As previously mentioned, exosomes are released into the 

body by various cell types, both in normal physiological conditions and during 

tumor processes (see section 4 of the Introduction). Consequently, exosomes 

in samples obtained through liquid biopsy will exhibit diverse origins and 

content. It is essential, prior to reaching this phase of the study, to have a 

thorough understanding of the characteristics of tumor-derived exosomes to 

identify their nature in the liquid biopsy samples. 

Additionally, due to the lack of standardization in the methods employed for 

their isolation and characterization, it is imperative to establish a working 

protocol ensuring their proper handling for subsequent studies. The necessity 

to identify relevant biomarkers at different disease stages and the exploration 

of cellular subpopulations and molecular features of interest through these 
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biomarkers, make cell cultures a comprehensive and cost-effective strategy 

to fulfill these requirements. 

(a) 
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(b) 

Figure 20. Representative images of primary patient-derived NSCLC cells cultures (a) and 
cell lines (b) in monolayer (2D) and tumorspheres formation (3D). Microscope images were 
taken at 10X magnification using a 200 µm scale bar.  
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First, the diameter of isolated samples was determined by Nanoparticle 

Tracking Analysis (NTA) after calculating the average of 5 measurements over 

60 seconds at 10 frames per second. The concentration obtained was 1x108 - 

1x109 particles/ml (Figure 21a-c). The microvesicles had a diameter of 110 ± 

156 nm (Figure 21d), which is consistent with the common diameter of 

exosomes, as we previously described (see section 4.1.1. of the Introduction). 

Figure 21. Plots of concentration and size distribution obtained using a NanoSight NS300 
instrument in cell cultures-derived exosomes. According to the movement and speed of the 
particles through the fluid (a), measurements were taken five times over 60 seconds at 10 
frames per second at room temperature (b). The average size (X-axis, nm) of all readings was 
calculated and is depicted in the red curve (Y-axis, concentration) (c). Mean size (nm) and 
standard deviation (SD) were calculated for 2D and 3D exosome samples (N=17). Asterisks 
correspond to a significance value (p<0.05) between 2D and 3D size (d). 
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Subsequently, using images obtained by transmission electron microscopy 

(TEM), in order to know the real structure of the isolated particles, we were 

able to confirm that our samples exhibited a rounded and cup-shaped 

morphology. In many of them, we could distinguish the lipid bilayer that 

constitutes them, both in exosomes from 2D cell cultures (Figure 22a) and 

those secreted by 3D models (Figure 22b). 

Figure 22. Representative transmission electron microscopic images of exosomes isolated 
from 2D (a) and 3D (b) NSCLC cell cultures. Scale bars at 200 nm (left side) and 100 nm (right 
side). 
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In addition, exosome-specific markers TSG101 (tumor susceptibility gene 101 

protein), CD9, CD63 and CD81 were evaluated in tumor-derived exosomes 

through immunoblot and flow cytometry. On one hand, immunoblot analyzes 

revealed that some NSCLC exosomes co-expressed CD9 and TSG101 (Figure 

23a). Exosomes tested negative for Calnexin, which was used as a control 

(endoplasmic reticulum marker). This demonstrates that no cellular debris 

was precipitated together with our exosomal samples (Figure 23b). 

Furthermore, β-Actin was used as a loading control to ensure that the 

observed expression differences between the exosomal surface markers were 

not due to lower protein loading but rather attributable to inherent 

expression differences among the samples. 

Figure 23. Immunoblotting analysis for the exosomal surface markers. TSG101 and CD9 
protein expressions were determined across the 2D-exosome samples (a). Calnexin served as 
a negative control for exosome samples, while cells from H1650 and SW900 cell lines, as well 
as FIS 471, 435, and 301 primary cultures, were used as positive controls (b). β-Actin was 
utilized to evaluate equal protein loading, and a molecular weight marker was included to 
determine the size of the proteins. 
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On the other hand, the positive expression of the exosomal surface markers 

CD63 and CD81 (tetraspanin superfamily of activation-linked cell surface 

antigens) was also detected by flow cytometry in samples from 2D (Figure 

24a) and 3D-cell cultures (Figure 24b-c).  

Figure 24. Flow cytometry analysis of the surface markers in exosomes isolated from cell 
cultures. Exosomes from the 2D-H520 cell line exhibited a CD63 positivity of 0.05% (a). 
Exosomes from 3D-H520 cell line showed a CD63 positivity of 0.25%, coexpressed with CD81 
(b-c). Autofluorescence signals were not detected in samples, ensuring minimal interference 
with marker positivity (control 1) during analysis without the addition of any dye (d). The axes 
are displayed on a biexponential scale, where Y-axis corresponds to side scatter (SSC), and X-
axis corresponds to forward scatter (FSC). In this case, CD63 was labeled with Allophycocyanin 
(APC), and CD81 was labeled with Phycoerythrin (PE). 
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Moreover, three types of controls were randomly used on 2D and 3D- 

exosome samples to validate the signal intensity obtained with exosomal 

markers (Figure 25): 

- Control 1 (autofluorescence control) refers to the analysis of the 

sample without the addition of any antibody (Figure 24d). Some 

cellular components are able to emit fluorescence on their own, 

masking the antigen-specific signal. In addition, this allows us to 

verify that there is no contamination from antibody residues 

between samples after the appropriate wash step.  

- Control 2 (unwanted binding control) is based on the addition of a 

non-specific isoform. The antibodies used may bind to out-of-range 

epitopes present in the samples that are not the target of interest. 

Therefore, the sample is analyzed together with an antibody of the 

same isotype but not specific for CD63 or CD81.  

- Control 3 (viability control) is based on the addition of a compound 

(TRITON) that destroys the lipid bilayer that makes up the exosomes, 

to which the molecules we want to detect are bound. Consequently, 

we should observe a total loss of signal.  
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 (a) 
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(b) 

Figure 25. Flow cytometry controls for validation of signal detection in exosome samples. 
Controls 1, 2, and 3 were successfully conducted (0% positivity) on various samples from both 
2D (a) and 3D-cultures (b), in which positivity for the markers of interest had been previously 
detected. The axes have a biexponential scale, where the Y-axis corresponds to side scatter 
(SSC), while the X-axis corresponds to forward scatter (FSC). In this case, CD63 was labeled 
with Alexa647-APC. 

In cases where a minimum signal was detected in any of the samples during 

these 3 points, it was necessary to perform a compensation with respect to 

the signal obtained with the marker of interest. However, there were 
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generally no considerable deviations in the detection of these surface 

molecules on the NSCLC-derived exosomes. Moreover, to confirm that the 

signal obtained was in accordance with the amount of sample, a test was 

performed using serial dilutions of the same sample bound to the antibody. 

These measurements showed a loss of signal intensity proportional to the 

dilutions used (Figure S1). 

After an exhaustive characterization of the different samples obtained, we 

can conclude that the methodology developed for the collection and isolation 

of exosomes from cell cultures is appropriate and efficient.  

Using imaging techniques, no significant differences in morphology were 

observed between exosomes from cell lines and primary cultures, as well as 

between 2D and 3D cultures (Figure 22). Regarding size measurement, 

exosomes secreted from 3D cultures were generally larger in size compared 

to 2D-derived exosomes from the cell lines and primary cultures used (mean 

size 123.65nm-2D vs. 132.5nm-3D (p=0.022)) (Figure 21). In addition, surface 

marker such as CD63 showed higher expression on some exosome samples 

secreted from 3D cultures (Figure 24). 

As previously described by various authors, the differences in the production 

of exosomes from cells in 3D vs. 2D models largely depend on the 

characteristics of the cells of origin and the methods used to establish the 3D 

cultures, among other factors [237]. In addition to those differences, some 

researchers have also found that cells in a 3D culture environment differ in 
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the expression of genes, proteins, and cell receptors from cells cultured in 2D 

[238,239]. 

Differential expression of genes and/or proteins in 2D and 3D-cell cultures is 

often the reason why cells growth in 3D systems behave differently in many 

cellular processes, including growth and proliferation, migration and invasion, 

and drug sensitivity, compared to cells cultured in 2D [240].

These transcriptional and translational changes have been associated with cell 

line adaptation when tumor cells are extracted from their native 

environment. When cells are taken away from the primary tumor and placed 

in a 2D culture system, they often lose many of their in vivo characteristics, 

including morphology, proliferation, and gene/protein expression. However, 

to some extent, these differences can be restored when the cells are 

reintroduced to an in vivo environment, such as an animal model, or when 

they are cultured within a reconstituted spatial structure that mimics the 

extracellular matrix (ECM) [241,242].  

This information aligns with our observed findings regarding variations in size 

and the expression of certain surface proteins on exosomes from both 

models, suggesting that the differences may be attributed to variations in the 

cargo of these microvesicles. This intriguing point will be a subject of further 

investigation in our work. 
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1.2. MUTATIONAL STATUS OF EXOSOMES DERIVED FROM CELL 
CULTURES 

 In relation to the content of the exosomes from NSCLC, the DNA 

present in these microvesicles was analyzed in order to corroborate whether 

the presence of EGFR, KRAS, BRAF mutations, as well as ALK rearrangements, 

could be detected in exosomal cargo trough digital PCR (dPCR). Mutation 

status correlated 100% (10 out 10) between DNA obtained from culture cells 

and tumor-derived exosomes (Figure 26 and Table S2). These results 

corroborate the mutational status concordance among exosomes and 

matched cell cultures. 

(a) (b) 

Figure 26. EGFR an KRAS genes mutations analysis by BEAMing technology. Mutant fraction 
(MF) of 55.33% for the EGFR exon 19 deletion was detected in exosomal DNA from H1650 cell 
line (a), whereas mutant fraction of 79.12% was present in SW900 exosomal DNA for a KRAS 
mutation (exon 2, codon 12) (b). The percentage of MF is calculated from the number of 
mutant beads (MB) or mutant particles (mtP3) represented in the lower right corner of the 
dot plot.  
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The presence of driver and targetable mutations in lung cancer, detected in 

the exosomes isolated fom different cell cultures, leads us to draw different 

conclusions about the impact that exosomes may have at physiological and 

pathological levels. As previously mentioned, intratumoral molecular 

heterogeneity is well-documented in NSCLC. Studies have indicated a strong 

correlation between the proportion of cancer cells harboring EGFR mutations 

and the response to EGFR-TKI treatment. However, there are evidences 

demostrating that exosomes originating from specific NSCLC clones, post-

administration of first-line drugs, possess the ability to be internalized by 

other cell populations. This transfer results in the transmission of mutated 

nucleic acids, thereby inducing resistance to TKI therapy. Detecting and 

monitoring these mutations within components present in liquid biopsies 

could mark a significant advancement in the clinical management of these 

patients [243,244]. 

1.3. DIFFERENTIAL EXPRESSION PROFILES OF TUMOR CELL 
CULTURES-DERIVED EXOSOMES 

To investigate the expression patterns of tumor cells-derived 

exosomes, we conducted a transcriptomic study using whole genome 

expression microarrays. For this initial approach, a selection was made of 

some primary cultures and cell lines (see section 2.5.1. of Materials & 

Methods), aiming to gather the main molecular characteristics of interest, 

including different histological types and molecular alterations. Additionally, 
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the secreted exosomes from these cell cultures originating from both growth 

models (2D and 3D) were analyzed. 

Results obtained revealed the presence of a large number of mRNAs and small 

RNAs in exosomes. Through the supervised analysis of the microarray dataset, 

we were able to detect different expression profiles, grouping the samples 

into 3 main comparisons: 2D vs. 3D-derived exosomes, LUAD vs. LUSC and cell 

lines vs. primary cultures.  

1.3.1. DIFFERENTIAL EXPRESSED GENES IN EXOSOMES FROM 
2D VS 3D MODELS 

In this part of the exosomal transcriptomic analysis, within all the 

probes composing the arrays used, the mRNAs were separated from small 

RNAs. 

In the first instance, principal component analysis (PCAs) allowed us to obtain 

a global vision of the distribution of the samples among the different variables 

(Figure 27a). On the other hand, the heatmap represents the differentially 

expressed genes (DEGs) between the two groups for each comparison (Figure 

27b). Arbitrary fold change (FC) cut-offs of >1 and significance p-values of 

≤0.01 were used to perform this hierarchical clustering analysis on the data 

set. We found 81 genes overexpressed in exosomes from 3D cultures with a 

maximum fold change of 1.7, and 129 overexpressed in the 2D group with a 

maximum fold change of 1.52.  
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Among the most significant and interesting genes in this comparison (p-value 

≤ 0.01), it is worth highlighting some such as FDFT1 (with the highest FC in 3D 

group). FDFT1 is a gene involved in cholesterol biosynthesis and metabolism, 

being this last one responsible for modulating the formation of lipid rafts in 

the cell membrane [245]. Changes in cholesterol biosynthesis are regarded as 

a hallmark of a variety of cancers [1]. Moreover, some genes related to the 

CSCs population such as SNAI1 and WNT5 (FC 1.2 and 1.3, respectively) 

[246,247] were overexpressed in 3D-exosomes group (p≤0.01). 

(a) (b) 

Figure 27. Microarray transcriptomic analysis of exosome cargo from different growth 
conditions. PCA plot of H1650, H1975, H2228, SW900, FIS 301 and FIS 343 exosomes samples 
in 2D and 3D conditions (two different biological replicates for each sample) (a). Hierarchical 
cluster analysis of differentially expressed genes between 3D and 2D exosomes (b). Red color 
represents overexpression and blue represents underexpression. Rows correspond to the 
exosome samples analyzed while the columns represent the probes detected throughout the 
samples. 
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After obtaining these results, pathway enrichment analysis was conducted 

from the DEGs observed in this microarray comparison to identify the main 

processes in which they are involved (Table 8). 

Table 8. Biological pathway enrichment in 3D (a) vs. 2D exosomes (b). 

Regarding the impact that these enriched pathways may have in the group of 

samples belonging to 3D cultures, it should be noted that according to the 

Gene Ontology Resource database [248],the term GO:1905475 refers to "any 

process that modulates the frequency, rate, or extent of protein localization 

to the membrane". It is not surprising that genes overexpressed in 3D-derived 

exosomes are related to this pathway, since in 3D cultures there may be an 

enrichment of cells that have lost their epithelial characteristics, leading to 

EMT. Cells grown in a 3D conformation must rely on cell-cell and cell-ECM 
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interactions that cells from 2D cultures may have lost after adhering to the 

substrate in a single plane [249].  

In addition, protein kinase B (PKB)/Akt is a central player in many cellular 

processes, including cell proliferation and differentiation, and plays an 

important role in survival when cells are exposed to various apoptotic stimuli. 

Constitutive activation of PKB/Akt has been described in many human cancers 

[250,251]. Genetic alterations also drive aberrant activation of the survival 

(Akt), which is observed with high frequency during malignant transformation 

and cancer progression [252]. So, the enrichment in the activation of this 

pathway observed in exosomes from 3D models (enhanced in CSCs 

population) (Table 8a), makes particular sense. 

Moreover, Interleukin-1β (IL-1β) plays a pivotal role in promoting tumor 

growth and metastasis by inducing the production of growth factors such as 

VEGF, prostaglandin E2 and TGF-β. IL-1β also serves as a key mediator in 

initiating inflammatory responses in pulmonary diseases, including chronic 

obstructive pulmonary disease and lung cancer [253]. The activation of these 

pathways, coupled with the stimulation of cell division (all of them enriched 

in exosomes from the 3D models) (Table 8a) may be associated with a more 

aggressive phenotype. So, the use of exosomes from these types of in vitro 

models better reflects the molecular characteristics of a relevant subset of 

NSCLC tumor cells. 

In the context of pathways enriched in exosomes from 2D models (Table 8b), 

we observe substrate adhesion-dependent cell growth and a higher level of 
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global differentiation in the cultured cells. Additionally, there are interrelated 

pathways, including integrin signaling and G protein-coupled receptors, which 

are associated with processes like adhesion, polarity, and guidance, all of 

which are closely related to tumor cell biology [254,255]. However, these 

pathways are quite revealing regarding certain limitations that 2D models 

may have in studying tumor populations that exhibit greater dedifferentiation 

and a more aggressive phenotype. 

1.3.1.1. Differential expressed miRNAS in exosomes from 

2D vs 3D cultures 

 To further investigate the transcriptomic profile of exosomes from 

both cell culture models, expression analysis was performed by selecting only 

those probes corresponding to miRNAs (Figure 28). miRNAs are involved in 

various biological and pathological processes by regulating more than 30% of 

protein-coding genes [256]. However, most of the published knowledge on 

miRNA function comes from studies performed in 2D cell cultures, which lack 

the characteristics of the tumor microenvironment and the heterogeneous 

exposure to oxygen, metabolites and nutrients observed in the different 

layers of 3D cultures [257]. For this reason, we aimed to determine the 

transcriptomic profile of exo-miRNAs derived from 3D models and compare it 

with those obtained from 2D cell cultures. 
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A total of 28 differentially expressed miRNAs were identified in the analyzed 

exosomes samples. Hierarchical clustering revealed which of these 

biomarkers were overexpressed in each group (Figure 28a), and a further 

analysis was performed to determine their target genes. A total of 1080 genes 

were identified exclusively in the exosome-3D group and 616 in the 2D group, 

after excluding the 458 common genes (Figure 28b).  

Figure 28. miRNAs analysis in exosomes from 2D and 3D cultures. Heatmap of the 
differentially expressed probes in both groups (p≤0.01) (a). Each miRNA was linked to a target 
gene (b), from which an enrichment analysis was performed to identify the major GOBP (Gene 
Ontology Biological Process) categories (c). 

In addition, the GOBP categories enriched for each gene group were identified 

(Figure 28c) (Table S3). These results indicate that the reprogramming of 

miRNAs transcriptional profile can be followed by changes in the expression 

of relevant mRNA co-regulatory networks [258].  
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Similar analysis on exo-miRNAs and their targets, which may be involved in 

tumorigenicity, have been previously performed in other types of 

malignancies such as prostate cancer [259]. Although these predictions 

require further experimental validation, the enrichment and analysis of GO 

terms may yield a number of key related genes and pathways that contribute 

to the understanding of the molecular mechanisms of lung cancer and the 

discovery of potential targets for personalized therapies. Furthermore, the 

fact that these miRNAs are found inside exosomes, protected by their lipid 

bilayer, prevents their degradation in the bloodstream. Thus, exosomal 

miRNAs could serve as potential biomarkers for the management of NSCLC 

[260].  

1.3.2. DIFFERENTIAL EXPRESSED GENES IN EXOSOMES FROM 
LUAD AND LUSC 

According to the supervised analysis corresponding to the comparison 

of the two most common histological subtypes in NSCLC, PCA revealed a 

strong classification of samples between LUAD and LUSC (Figure 29a). To gain 

biological insights from the DEG sets according to histology, we further 

performed hierarchical clustering analyzes on the microarray dataset using 

arbitrary fold change (FC) cut-offs of >1 and significance p-values of ≤0.01. We 

found 551 genes overexpressed in LUAD exosomes with a maximum fold 

change of 4.38, and 803 genes overexpressed in the LUSC group with a 

maximum fold change of 4.72 (Figure 29b). However, with the aim of focusing 
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the data collection on genes that exhibit a substantial difference compared to 

others, we restricted the FC cut-off to ≥1.5. Using this criterion, we observed 

46 genes overexpressed in LUAD and 293 overexpressed in LUSC samples. 

 After fine-tuning in more restrictive selection values, we can highlight some 

strongly expressed genes in LUAD (XAGE1B and SEPP1) and LUSC (CAPRIN1, 

RIOK3 and CABYR) derived exosomes for further validation (FC >1.5), making 

an exception with TTF-1 (NKX2-1) (FC<1.5), which is an established LUAD 

marker routinely used for the determination of this histological subtype in 

NSCLC (among others types of tumors) [261].  

(a) (b) 

Figure 29. Transcriptomic microarray analysis of exosomal cargo from histological subtypes 
comparisons. PCA plot of H1650, H1975, H2228, SW900, FIS 301 and FIS 343 exosomes 
samples in 2D and 3D conditions (two different biological replicates for each sample) 
distributed according to histology (a). Hierarchical cluster analysis of differentially expressed 
probes between LUAD and LUSC (b). Red color represents overexpression and blue represents 
underexpression. Rows correspond to the exosome samples analyzed while the columns 
represent the probes detected throughout the samples. LUAD: lung adenocarcinoma; LUSC: 
lung squamous cell carcinoma. 
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After obtaining these results, pathway enrichment analysis was performed 

from the DEGs observed in the microarray histology comparison to identify 

the main processes in which they are involved. A total of 13 pathological 

process were significantly enriched (p≤0.03). All these pathways obtained are 

related to the different hallmarks of cancer (Figure 30) (Table S4). 

Figure 30. Pathological processes enrichment of differentially expressed genes between 
LUAD and LUSC-derived exosomes. Y-axis indicates the pathological process name and X-axis 
indicates the Jaccard similarity index (JSI). JSI measures the degree of similarity between two 
sets. It always takes values between 0 and 1, with 0 representing the least possible similarity 
between the two groups, and 1 indicating complete equality between the two comparisions. 
Bubble size indicates the number of overlapped genes for each process. The color bar 
indicates the p-value, representing in red the highest value (0.03), whereas values lower than 
0.01 are represented in green. LUAD: lung adenocarcinoma; LUSC: lung squamous cell 
carcinoma. 
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Among the pathological processes that are most robustly distinguished in this 

enrichment analysis (from DEGs belonging to the histological comparison), 

some of them are related to the activation of TGF- β pathways. TGF-β is a 

family of cytokines involved in cellular processes such as haematopoiesis, 

proliferation, angiogenesis, differentiation, cell migration and apoptosis 

[262]. Several tumors, including those arising in the lung, express high levels 

of TGF- β [263–265], which has been correlated with tumour progression and 

clinical prognosis in these patients [266].  

A study published by Sato et al. in 2021 showed that cells belonging to the 

tumor microenvironment, such as CAFs, are able to secrete TGF-β to induce a 

transition in histological patterns and tumour heterogeneity in lung 

adenocarcinoma [267]. In addition, other authors have also demonstrated the 

role of the TGF- β signalling pathway during the acquisition of invasion in lung 

adenocarcinoma tumours [268].  

Besides this, TGF- β can also promote tumor invasion and metastasis by 

inducing EMT, which is often associated with the acquisition of stem-like 

characteristics [269]. In relation to these exosomes-enriched pathways, a 

study published in 2021 highlights the association between LUAD patients and 

TGF-β levels. High TGF-β-mediated EMT expression were associated with 

shorter survival and were predictive of poor prognosis in lung 

adenocarcinoma [270].  

To continue with the review of these pathological processes, regulatory T cells 

(Tregs) are a subset of CD4+ T lymphocytes known to dampen the host 
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immune response against cancer cells. Within the tumor microenvironment, 

Tregs are potent mediators of immune tolerance, and a higher proportion of 

Tregs compared to cytotoxic T cells predicts a worse outcome in most solid 

tumors.  

Results from a study published in 2013 [271] show that Tregs were present in 

all lung tissues examined, but with a significant enrichment in patients with 

LUAD. Differences in the amount of Tregs were found depending on the 

different tumor histologies, with a higher presence observed in LUAD 

compared to LUSC. This may result in a more permissive microenvironment 

for LUAD and may explain the aggressive patterns of tumor spread for this 

histology. Lung cancer patients with LUAD histology may benefit more from 

Treg-targeted therapy, so it is possible that histology is related to lymphocyte 

immune response.  

Consistent with our findings in tumor tissue and exosome samples, another 

study demonstrated that patients with high levels of Treg had a significantly 

worse prognosis compared to those with low levels (5-year overall survival: 

85.4 % vs. 93.0 %). Furthermore, CAFs from adenocarcinoma patients with 

high Treg levels expressed significantly higher mRNA levels of TGF-β and 

(VEGF, both involved in Treg induction. This suggests that CAFs, by expressing 

immunoregulatory cytokines, may induce Tregs in the stroma, creating a 

tumor-promoting microenvironment in lung adenocarcinoma [272]. The 

proportion of Tregs in different locations of the tumor microenvironment can 

have variable prognostic impacts in NSCLC [273].  
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Continuing with these results (Figure 30), it is worth noting that angiogenesis, 

which is essential for tumor growth and metastasis, is regulated by various 

mechanisms and angiogenic factors like VEGF, TGF-β, and fibroblast growth 

factor. Some authors have reported a significant correlation between high 

levels of VEGF expression and the histological type in NSCLC, with LUAD 

patients showing higher VEGF expression. Furthermore, in vitro analysis of 

VEGF-A demonstrated distinct responses to hypoxic conditions between 

LUAD and LUSC cultures, indicating differences in angiogenic responses. These 

findings underscore the divergent responses between the major histological 

entities in NSCLC [274].  

Our findings from tumor-derived exosomes (TEX) in NSCLC further support the 

hypothesis that these microvesicles have a significant role in the immune 

system and vascular tube formation [275]. Within the context of lung cancer, 

TEXs offer insights into the mechanisms underlying tumor metastasis and 

progression. Consequently, they hold potential as biomarkers for lung cancer 

diagnosis and therapy response assessment. 

1.3.2.1. Differential expressed miRNAS in exosomes from 

LUAD and LUSC 

After analyzing the expression of the different types of miRNAs 

present in the arrays, a total of 158 probes were observed in the histological 

comparison. Specifically, 86 were signicantly overexpressed in LUAD-derived 

exosomes in comparison to 72 detected in LUSC samples (p≤0.01). Within 

this number of total probes, a selection of 4 miRNAs was made for each 
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histology according to their relevance and strength of expression in each 

group (Table 9). 

 

Table 9. Exosome-derived miRNAs with most increased differential expression between 

LUAD and LUSC. 

PUBLIC GENE ID OFFICIAL SYMBOL EXOSOMES SAMPLES 

NR_030353 hsa-miR-623 Overexpressed in LUSC 

NR_029680 hsa-miR-138 Overexpressed in LUSC 

NR_029949 hsa-miR-18b Overexpressed in LUSC 

NR_029779 hsa-miR-200c Overexpressed in LUSC 

NR_029898 hsa-miR-339 Overexpressed in LUAD 

NR_029503 hsa-miR-29a Overexpressed in LUAD 

NR_029507 hsa-miR-33a Overexpressed in LUAD 

NR_029505 hsa-miR-31 Overexpressed in LUAD 

 

- miRNAs overexpressed in LUSC-derived exosomes: 

The role of miR-623 as a suppressor of cell proliferation, migration 

and invasion through downregulation of cyclin-dependent kinases and 
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inhibition of phosphatidylinositol 3-kinase (PI3K)/Akt and Wnt/β-catenin 

signaling pathways has been previously described in various cancers such as 

breast, hepatocellular carcinoma and pancreatic cancer [276–278]. This 

suggests that miR-623 may be a potential target for therapy in various tumor 

types. Specifically, downregulation of hsa-miR-623 was associated with poor 

clinical outcomes in NSCLC patients. Hsa-miR-623 behaved similarly to 

previous studies, suppressing cell proliferation, clonogenicity, migration and 

invasion in vitro and inhibiting xenograft growth and metastasis in animal 

models [279]. According to these previously described findings, and 

although its overexpression in a specific histological subtype remains to be 

confirmed, we believe the presence of this miRNA in exosomes is relevant 

as a potential biomarker in NSCLC. 

MiR-138 has already been described in other studies to play an important 

role in the carcinogenesis of various types of tumors, acting as a tumor 

suppressor. It is well known that a single miRNA can target multiple genes. 

Specifically, miR-138 has been shown to inhibit MYC expression and 

suppress tumor growth in colorectal carcinoma and hepatocellular 

carcinoma cell lines [280]. In addition, the effects of miR-138 have also been 

identified as a promising prognostic biomarker and therapeutic target for 

oral squamous cell carcinoma with metastatic potential [281]. Specifically, in 

NSCLC it is possible that miR-138 plays a suppressive role in growth and 

metastasis [282,283]. In patient serum samples, this miRNA has already 

shown evidence of being a novel and valuable biomarker for the diagnosis 

of NSCLC [283]. However, the confirmation of their presence in NSCLC 
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exosomes by our work would mean that the biomarkers present in these 

microvesicles would have greater protection in the bloodstream. This would 

provide greater stability for the analysis of miRNAs present in cancer.  

On the other hand, the stable overexpression of other small miRNAs, such 

as miR-18b, has been shown to be of great relevance in the development 

and progression of some types of tumors, such as melanoma or head and 

neck cancer [284,285]. There are findings regarding the presence of this 

miRNA in exosomes derived from CAFs in breast cancer, suggesting that 

these exosomes could induce EMT and promote the activation of the NF-κβ 

pathway through different target genes [286]. Although no publications exist 

on the role of miR-18b in NSCLC exosomes to support our findings, previous 

results in other tumors indicate the potential value of this marker in the 

study of the disease. 

Finally, other members of our group in agreement with other publications, 

highlighted the presence of miRNA-200c in tissue samples from NSCLC 

tumors versus healthy tissue samples [287,288]. On the other hand, the 

presence of this miRNA has also been described in exosomes secreted by 

other types of tumors regardless of their histology [289,290]. However, in 

line with our results in NSCLC exosomes, there is previous evidence of the 

association of exo-miR-200c with head and neck squamous cell carcinoma 

[291,292].  
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- miRNAs overexpressed in LUAD-derived exosomes: 

Aberrant expression of miR-339-5p has been shown to play a key role 

in several tumors, including hepatocellular carcinoma [293], breast cancer 

[294] and colorectal cancer [295]. miR-339-3p was found to be significantly 

upregulated in patients with NSCLC compared to healthy subjects, suggesting 

a diagnostic and predictive value for high-risk individuals [296]. In addition, 

the alteration of this miRNA has also been observed in patients with lung 

adenocarcinoma, revealing important effects on the development of this 

histology [297,298]. Although it is not regulated in the same sense in our 

exosome samples, the expression of miR-339 could be a potential biomarker 

for lung adenocarcinoma. 

On the other hand, miR-29a has been shown to be present in NSCLC 

exosomes, but there is no study linking its presence in these EVs to a specific 

histologic subtype [220,299]. However, miR-29a-3p expression has been 

observed in lung adenocarcinoma cells. Studies have found that 

overexpression of miR-29a-3p is associated with cell proliferation, migration 

and invasion in LUAD cells [300]. These findings may be related to the 

observed overexpression of this biomarker in our LUAD-derived exosome 

samples. 

The relative expression levels of miR-33a-5p have been positively correlated 

in tissue and serum of lung cancer patients compared to their expression in 

healthy controls [301,302]. Specifically, some authors have described that 

miR-33a-5p increases the sensitivity of lung adenocarcinoma cells to celastrol 
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(natural bioactive compound used as a treatment for multiple diseases) 

through regulation of mTOR signalling [303]. Therefore, the presence of this 

biomarker in LUAD exosomes could be related to specific pathways activated 

in this histology. 

MiR-31 has previously been identified as one of the most oncogenic miRNA in 

LUAD. Several authors reported that miR-31 is specifically overexpressed in 

NSCLC, but not in SCLC or carcinoid, compared to normal lung tissue. 

Mechanistically, miR-31 alters distinct cell signaling programs within each 

histological subtype, resulting in phenotypic differences [304]. This suggests 

that there may be different functional roles for this miRNA in the different 

histological types of lung cancer. Other studies have confirmed that miR-31 is 

overexpressed in LUAD, and analysis of clinical data showed that high miR-31 

expression was more common in patients with worse prognosis [305]. 

Additionally, separate studies have revealed the modulation of miRNAs within 

exosomes originating from tumor cells subjected to varying growth 

conditions, including hypoxia and normoxia. Notably, it was observed that the 

upregulation of exosomal miR-31-5p expression, triggered by intermittent 

hypoxia, directly initiated the activation of specific target genes, consequently 

promoting processes such as EMT. These findings underscore the pivotal role 

of exosomes as essential mediators in intercellular communication [306,307].  

After reviewing the results, it is evident that miRNAs exhibit distinct functions 

depending on their specific cellular context. In some tissues, they may act as 

tumor suppressors, while in others, they promote oncogenesis, or they might 
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seem relatively inert in regulating cancer-related processes. Nonetheless, the 

precise role of miRNAs within different cell types in the same tissue and their 

collective contribution to oncogenesis remain under investigation. What is 

clear, however, is that exosomes derived from NSCLC tumor cells or other cells 

within the tumor microenvironment, such as CAFs, have the capacity to 

modulate the content and function of these miRNAs. This modulation can 

trigger diverse responses and signaling pathways during the tumor process. 

Consequently, these microvesicles are a valuable source of biomarkers for 

detecting and analyzing the disease. 

1.3.3. DIFFERENTIAL EXPRESSED GENES IN EXOSOMES FROM 
CELL LINES VS PRIMARY CULTURES. 

To investigate the impact of using primary cultures beyond the gold 

standard (commercial cell lines) for in vitro studies, differential expression 

analysis was performed between exosomes from both types of cell cultures. 

Hierarchical clustering analyzes on the microarray dataset was conducted 

using an arbitrary fold change (FC) cutoff of ≥1.5 and a p-value of ≤0.01, 

considering a total of 142 probes in primary cultures (max FC 4.25) and 369 in 

cell lines (max FC 2.8) (Figure 31b). 
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(a) (b) 

Figure 31. Transcriptomic microarray analysis of exosomal cargo from primary cell cultures 
and commercial cell lines. PCA plot of H1650, H1975, H2228, SW900, FIS 301 and FIS 343 
exosomes samples in 2D and 3D conditions (two different biological replicates for each 
sample) distributed according to histology (a). Hierarchical cluster analysis of differentially 
expressed probes (b). Red color represents overexpression and blue represents 
underexpression. Rows correspond to the exosome samples analyzed while the columns 
represent the probes detected throughout the samples. 

The clear distribution of the samples according to the origin of the cell cultures 

(Figure 31a), highlights the value of using primary cultures (established 

directly from the tumor of the follow-up patients) in the search for in vitro 

biomarkers in NSCLC. Other publications also emphasize the importance of 

using established primary cultures and animal models to study lung cancer 

[308,309]. For this reason, a larger validation cohort including more primary 

cultures will be used to validate the biomarkers obtained in the previous 

sections 
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1.4. DIFFERENTIAL EXPRESSED GENES VALIDATION IN TUMOR 
CELL CULTURES-DERIVED EXOSOMES 

To confirm the findings obtained after the analysis of the expression 

microarrays, these candidate genes were examined in a larger number of 

exosome samples from NSCLC cell cultures (N=17), by RT-qPCR.

1.4.1. DIFFERENTIAL EXPRESSED GENES VALIDATION IN 
EXOSOMES FROM 3D vs 2D CULTURES 

First, the relative gene expression of FDFT1 was analyzed, which was 

the most overexpressed gene in the group of exosomes secreted by the 3D 

cultures. The results obtained showed that all exosome samples, with the 

exception of SW900, showed expression of this gene (16/17). In turn, all 

microvesicles from 3D cultures showed higher significant gene expression 

compared to monolayer cultures (p=0.001) (Figure 32a-b).  

On the other hand, SNAI1 also highlighted in the EVs-3D group in microarrays, 

demonstrated its presence in the exosomal cargo of 14/17 samples. At the 

same time, it has been confirmed that there is a predominant expression of 

this gene in exosomes from 3D cultures compared to adherent cultures 

(13/14) (p=0.005) (Figure 32c-d).  
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Figure 32. Validation of FDFT1 and SNAI1 expression in tumor-derived exosomes from 2D 
and 3D cell cultures. Median of relative gene expression of FDFT1 and SNAI1 measured by 
RT-qPCR in both groups (a-c). Mean with SD of de relative gene expression of FDFT1 and SNAI1 
to reference genes ACTB and GAPDH analyzed in the complete group of cell cultures-derived 
exosomes (b-d). Error bars represent the standard error of the mean (SEM). Green bars 
correspond to 2D-derived exosomes while purple bars correspond to exosomes derived from 
3D cultures. Significance values were **p≤0.01, and ***p≤0.001. 

Finally, the expression of WNT5A was also analyzed as a marker of interest 

that was overexpressed in the 3D exosome group. In this case, relative gene 

expression was found in only 4 of the 17 exosome samples used for validation 

(p>0.05). The overexpression of WNT5A in these 4 samples could not be 

related to the mutations present in cells, the histology or the origin of the cell 
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culture.  However, in all of samples, the values obtained are largely consistent 

with exosomes derived from tumorsphere cultures (Figure 33). 

Figure 33. Validation of WNT5A expression in tumor-derived exosomes from 2D and 3D cell 
cultures. Error bars represent the standard error of the mean (SEM). Green bars correspond 
to 2D-derived exosomes while purple bars correspond to exosomes derived from 3D cultures. 
Mean with SD of de relative gene expression of WNT5A to reference genes ACTB and GAPDH 
analyzed in the complete group of cell cultures-derived exosomes. 

To gain a deeper understanding of the role of these observed biomarkers in 

exosomes concerning the initiation and proliferation of tumors, it is crucial to 

contextualize certain scenarios. Tumor cells possess the capacity to adapt 

their nutrient metabolism and energy acquisition, even in low-energy 

conditions, with lipid metabolism playing a pivotal role in this adaptation. 

Metabolic substrates like cholesterol play a significant role in numerous 

biological processes and are used by these cells to support growth and survival 

[310–312]. Alterations in cholesterol biosynthesis are considered to be a 

hallmark of a variety of cancers [1] Therefore, enzymes involved in cholesterol 
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metabolism and related biomolecules, have recently attracted attention as 

potential targets for cancer therapies [311].  

In particular, FDFT1 (also known as squalene synthase, SQS) is a cholesterol 

biosynthesis enzyme. Some studies have reported that its upregulation is 

required for tumor progression, signal transduction, invasion and migration 

of cancer cells [313,314]. Specifically in lung cancer, a study published in 2014 

showed that knockdown of FDFT1 reduced cholesterol levels and inhibited 

invasion ability in cell lines [315]. Later, a study published by Yang et al. 

showed that FDFT1 was the first cholesterol branch enzyme to be upregulated 

in highly invasive lung cancer cell lines. Overexpression of this squalene 

synthase promoted lung cancer invasion and metastasis in vitro and in vivo, 

which in turn enhanced cholesterol biosynthesis [316]. Regarding the 

presence of FDFT1 in exosomes, the present work is the first to highlight this 

finding. Exosomes may be a great tool to consider the role of this marker in 

lung cancer. In addition, after the advance of immune checkpoint blockers, 

the implication of these type of EVs in the relationship between these tumors 

and the TME may also be noteworthy. 

Another gene significantly expressed in 3D exosomes is SNAI1 (also called 

Snail), which is a zinc finger transcription factor that induces EMT [317]. Snail 

has been found to play a role in the pathogenesis of several malignancies, 

particularly by enhancing invasiveness and metastatic behaviour [318,319]. A 

few studies have suggested that Snail may also play a role in NSCLC tumor 

progression [320,321]. Regarding the presence of this biomarker in exosomes, 



Results & Discussion – Chapter 1 

132 

a study published in 2021 showed that Snail modifications in CRC cells towards 

a more invasive phenotype, also alter the microRNA load of released EVs 

[322]. 

Recent studies have shed light on the pivotal role of Snail in activating other 

cells within the TME, including CAFs, which are responsible for extracellular 

matrix remodeling. In CAFs, signaling through the platelet-derived growth 

factor (PDGF) receptor is a crucial functional determinant. While high 

expression of SNAI1 and PDGF receptors has been linked to poor prognosis in 

cancer patients, the underlying mechanisms governing these associations 

remain unclear [323]. 

To go deeper into this mechanism, You et al. conducted a study focusing on 

the role of exosomes released by CAFs in promoting EMT in lung cancer cells. 

Interestingly, the level of SNAI1 in exosomes secreted by CAFs exhibited a 

correlation with the expression of SNAI1 in CAFs. Moreover, the level of SNAI1 

in these exosomes played a pivotal role in inducing EMT in lung cancer. The 

molecular mechanism underlying how CAFs induce EMT in cancer cells may 

involve the delivery of SNAI1 to the recipient cancer cells through exosomes 

[324]. 

As discussed, in lung cancer, the presence of SNAI1 in exosomes has been 

observed exclusively in EVs derived from CAFs. Our study presents a novel 

finding: exosomes from NSCLC tumor cells contain a substantial SNAI1 

content, particularly in 3D cultures where the growth conditions and activated 
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signaling pathways more closely resemble the in vivo tumor 

microenvironment. 

Lastly, concerning the last of the markers emphasized in 3D exosomes, it is 

important to note that Wnt pathways are developmental signaling pathways 

with pivotal roles in the regulation of various cellular processes [325].

Furthermore, dysregulated Wnt signaling contributes to tumor development, 

increased CSC potential, and resistance to therapy for many cancers, including 

lung cancer [326].  

However, a possible dual role of this marker in different cancers, acting as a 

suppressor [327–329] or promoter [330–333], has been highlighted in several 

studies. Specifically, in NSCLC a paper published in 2015 showed that elevated 

WNT5A expression was associated with poor prognosis in a cohort of patients 

(N=219) [334]. To date, there are no studies describing the presence of 

WNT5A in exosomes secreted by NSCLC cells. However, the role of this marker 

in microvesicles analyzed in various non-neoplastic lung diseases such as 

chronic obstructive pulmonary disease or pulmonary fibrosis has been 

described [335,336].

1.4.2. DIFFERENTIAL EXPRESSED GENES VALIDATION IN 
EXOSOMES FROM LUAD AND LUSC CULTURES 

Using whole expression microarrays, XAGE1B continued to present a 

significantly (p=0.01) higher expression in LUAD-secreted exosomes (N=11, 
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Figure 34a), while there was no expression of this gene in the LUSC group 

(N=6), except for the cell line SKMES-1, which exhibited low expression values 

(Figure 34b). On the other hand, RT-qPCR results for CABYR were also 

consistent with the transcriptomics findings. Expression of this gene was 

found in LUSC cell-derived exosomes, while no expression was detected in 

LUAD cells-secreted exosomes (p<0.001) (Figure 34c-d). 

Figure 34. Validation of XAGE1B and CABYR expression in tumor-derived exosomes from 2D 
cell cultures. Median of relative gene expression of XAGE1B and CABYR measured by RT-qPCR 
in both histological groups (a-c). Mean with SD of de relative gene expression of XAGE1B and 
CABYR to reference genes ACTB and GAPDH analyzed in the complete group of cell cultures-
derived exosomes (b-d). Error bars represent the standard error of the mean (SEM). Dark 
green bars correspond to LUAD-derived exosomes while pink bars correspond to exosomes 
derived from LUSC samples. Significance values were **p≤0.01, and ***p≤0.001. LUAD: lung
adenocarcinoma; LUSC: lung squamous cell carcinoma. 



Results & Discussion – Chapter 1 

135 

Both XAGE1B (also named GAGED2a) and CABYR are tumor-specific antigens 

of the Cancer Testis Antigens (CTA), which have attracted research attention 

as potential mediators of cancer cell recognition. CTAs are expressed in a 

variety of cancers, including lung cancer, while in normal tissues their 

expression is restricted to immune-privileged sites, such as the testis and 

placenta [337]. For this reason, they are considered ideal targets for cancer 

treatment due to their highly immunogenic and restricted expression in germ 

cells and malignancies [338,339]. 

However, when the expression of TTF-1 (Figure 35a-b) and SEPP1 (Figure 35c-

d) was analyzed by RT-qPCR between LUAD and LUSC histologies, no 

significant differences in their expression were found (p>0.05). Although the 

TTF-1 marker is widely used in the routine identification of LUAD [340,341], 

these results demonstrate that there is poor expression of this gene in NSCLC 

exosome samples, regardless of histology. This finding highlights the need to 

find new biomarkers that can better identify the different characteristics of 

lung cancer from a broader analytical approach such as liquid biopsies.
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Figure 35. Analysis of TTF-1 and SEPP1 expression in tumor-derived exosomes from 2D cell 
cultures. Median of relative gene expression of TTF-1 and SEPP1 measured by RTqPCR in both 
histological groups (a-c). Mean with SD (standard deviation) of de relative gene expression of 
TTF-1 and SEPP1 to reference genes ACTB and GAPDH analyzed in the complete group of cell 
cultures-derived exosomes (b-d). Error bars represent the standard error of the mean (SEM). 
Dark green bars correspond to LUAD-derived exosomes while pink bars correspond to 
exosomes derived from LUSC samples. NS: non-significant; LUAD: lung adenocarcinoma;
LUSC: lung squamous cell carcinoma.  

Specifically, although the relative gene expression levels of RIOK3 and 

CAPRIN1 do not reach a significant p-value (p>0.05), there is a clear trend 

showing a higher expression of these 2 genes in the LUSC exosome group 

(Figure 36).  
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Figure 36. Analysis of RIOK3 and CAPRIN1 expression in tumor-derived exosomes from 2D 
cell cultures. Median of relative gene expression of RIOK3 and CAPRIN1 measured by RTqPCR 
in both histological groups (a-c). Mean with SD of de relative gene expression of RIOK3 and 
CAPRIN1 to reference genes ACTB and GAPDH analyzed in the complete group of cell cultures-
derived exosomes (b-d). Error bars represent the standard error of the mean (SEM). Dark 
green bars correspond to LUAD-derived exosomes while pink bars correspond to exosomes 
derived from LUSC samples. NS: non-significant; LUAD: lung adenocarcinoma; LUSC: lung
squamous cell carcinoma. 

SEPP1 gene is involved in selenium transport and the production of other 

selenoproteins. Previous studies have shown that SEPP1 plays an important 

role in cancer through its function in mediating oxidative damage [342,343]. 

Moreover, there is evidence that CAPRIN-1 is involved during cell activation 

from a quiescent state, during cell division and is also required for cell growth 

[344]. In addition, RIOK3 plays a key role in the synthesis of the 40S ribosomal 
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subunit in mammalian cells and in cytoskeletal organisation [345]. RIOK3 also 

has been implicated in cell invasion, tumour growth and metastasis. However, 

previous research has limited the study of RIOK3 to a few tumour types; and 

its mechanisms of action have not been well defined.[346] These observed 

markers such as SEPP1, RIOK3 and CAPRIN1 have been described for the first 

time in different exosomes samples through this work, so further analysis of 

these results in a NSCLC cohort would be of interest. 

According to the cell culture models, transcriptomic differences were also 

observed in exosomes derived from 2D versus 3D cultures. PCA and 

hierarchical cluster analysis showed a distribution of the samples and two 

groups of differentially expressed genes according to the growth model used 

in cell cultures from which the exosomes were isolated (Figure 27). 

Interestingly, exosomes derived from LUAD cell cultures grown in 3D 

conditions (enriched in CSCs) showed a significant higher expression of 

XAGE1B (p=0.013) in comparison to 2D-monolayer (Figure 37). No differences 

were observed in the expression of the other genes analyzed for these two 

models. These results suggest that XAGE1B could be associated with a more 

aggressive tumor phenotype, or may even be related to the prognosis of 

NSCLC. 
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(a) (b) 

Figure 37. Validation of XAGE1B expression in cell cultures-derived exosomes from both 
models (2D-monolayer and 3D-tumorspheres). Median of relative gene expression of 
XAGE1B measured by RT-qPCR in both growth models of exosomes. Error bars represent the 
standard error of the mean (SEM). (a). Mean with SD of de relative gene expression of XAGE1B 
to reference genes ACTB and GAPDH analyzed in the complete group of cell cultures 
comparing to 2D vs 3D-derived exosomes. Dark green bars correspond to LUAD-derived 
exosomes while pink bars correspond to exosomes derived from LUSC samples (b). Significant 
value was **p≤0.01. LUAD: lung adenocarcinoma; LUSC: lung squamous cell carcinoma.  

Following the strong expression of XAGE1 and CABYR in exosomes for LUAD 

and LUSC respectively, both markers were further investigated in the tumor 

cells of origin to check for possible differences with the secreted exosomes. 

For this purpose, protein analysis was performed by immunofluorescence (IF) 

in two primary cell cultures. As shown in Figure 38a, higher protein expression 

of XAGE1B was found in the cytosol of FIS 471 (LUAD), whereas FIS 301 (LUSC) 

showed higher expression of CABYR (Figure 38b), in agreement with 

transcriptomics and RT-qPCR results. However, both primary cultures showed 

basal expression of these two markers. Therefore, these results demostrate 

that the analysis of these biomarkers in exosomes from tumor cells allows a 

clear histological classification with less ambiguity (Figure 34).
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(a) 
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(b) 

Figure 38. Immunofluorescent staining of CABYR and XAGE1 in primary cultures. 
Representative images of CABYR (red) and XAGE1B (green) in adherent-cultured cells from 
FIS 471 (LUAD) (a). Representative images of CABYR (red) and XAGE1B (green) in adherent-
cultured cells from FIS 301 (LUSC) (b). Cell nuclei are stained with DAPI (blue). Scale bar 
represents 50 μm. LUAD: lung adenocarcinoma; LUSC: lung squamous cell carcinoma.  

Interestingly, although previous studies have described the presence of 

XAGE1 [347] and CABYR [348] in NSCLC tissues, our work demonstrates for 

the first time the presence of both biomarkers with robust overexpression 

within these lung cancer EVs.  
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The value of exosomes as prognostic biomarkers is not yet widely studied. 

One meta- analysis indicated that the expression level of exosomes was 

closely associated with the overall survival (OS) and disease-free survival (DFS) 

of patients with lung cancer, proposing that lung cancer exosomes are 

associated with poor prognosis [349]. The identification of these markers, 

among others, within components of liquid biopsy, particularly exosomes, 

presents a significant advantage in the management of NSCLC. The 

subsequent phase involves validating these findings within an independent 

cohort of NSCLC patients to establish the integration of exosomes as a 

forthcoming tool for biomarker assessment in clinical practice. 

1.5. IN-SILICO VALIDATION OF EXOSOMAL BIOMARKERS IN 
NSCLC 

In order to continue inquiring into the relevance of these previously 

described genes, we analyzed them in an independent cohort of NSCLC 

patients from the TCGA (The Cancer Genome Atlas Program). The clinico-

pathological characteristics of the patients included in this study are 

summarized in Table S5. Patients with post-surgical complications were 

excluded from the survival analysis. Of the 661 patients with resected NSCLC 

included in this subset, 208 (31.5%) had a recurrence and 261 (39.5%) died 

during follow-up. Only those patients who had at least 1 month of follow-up 

were included. However, information on recurrence was not available for 59 
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(8.9%) patients. The median follow-up was 23.08 months [range: 1.02-

231.54]. 

The prognostic value of the different clinicopathological variables was 

assessed using the univariate Cox regression method for RFS and OS. This 

analysis showed that patients over 65, with more advanced stage (I vs. II vs. 

III) had shorter RFS and worse OS (p<0.05) (Figure S2), which agrees with

previously published results [350,351]. 

Also, a univariate Cox regression analysis was performed to determine 

whether the 3 most relevant biomarkers observed in exosomes from 3D 

cultures could be related to the prognosis of NSCLC patients. The results 

showed that high SNAI1 levels were associated with worse RFS (HR:1.340; 

[1.081-1.660]; p=0.007) (Figure 39a) and OS (HR:1.350; [1.089-1.674]; 

p=0.006) (Figure 39b). Kaplan-Meier analyzes were carried out in order to 

obtain the survival plots (Figure 39). This relationship between SNAI1 and 

prognosis in patients collected in the TCGA public database is consistent with 

data previously published by other authors in NSCLC [352,353], as well as in 

other cancer types [354,355]. In contrast, no significant association was found 

between FDFT1 [OS: p=0.170; RFS: p=0.20] and WNT5A [OS: p=0.80; RFS: 

p=0.40] expression and patients’ survival. 
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(a)    (b) 

Figure 39. Prognostic value of SNAI1 in the TCGA NSCLC cohort. Kaplan–Meier plot for RFS 
(a) and OS (b) according to the relative gene expression of SNAI1. Blue line represents patients 
with low expression levels, whereas green line represents patients with high expression. Cut-
off values correspond to the median relative expression. P-values were calculated using the 
Kaplan–Meier test. RFS: relapse-free survival; OS: overall survival. 

Moreover, a Mann-Whitney U test was performed in order to validate in this 

cohort, the exosomal biomarkers observed in the two most common 

histological types of NSCLC. These results indicated a relevant higher 

expression of XAGE1B, SEPP1 and TTF-1 (NKX2-1) (p<0.001) in the group of 

LUAD patients (N=328), compared to the LUSC group (Figure 40a-c).  

Conversely, the expression of CABYR and RIOK3 showed significantly higher 

values (p<0.001) (Figure 40d-e), and with a minor difference CAPRIN1 

(p=0.037) in the group of patients with LUSC (N=316) compared with LUAD 

cohort (Figure 40f). No significant associations were found between the 

expression of this cluster of genes and patients’ survival (p>0.05). 
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(a)  (b) (c) 

(d)  (e) (f) 

Figure 40. Mann–Whitney U-test of the histology-related biomarkers in TCGA cohort. 
XAGE1 (a), SEPP1 (b), TTF-1 (c) relative expression in TCGA LUAD cohort and CABYR (d), 
RIOK3(e), CAPRIN1 (f) in LUSC cohort. Statistically significant differences were depicted: 
*p<0.05, **p≤0.01, and ***p≤0.001. IC: interval of confidence; LUAD: lung adenocarcinoma;
LUSC: lung squamous cell carcinoma. 

Although all these genes have been previously described in cancer [356–361], 

not all of them have been studied for their presence in NSCLC tumor cells, so 

their true role in this disease is still unknown. In addition, only XAGE1 and TTF-

1 have been related to a specific histologic subtype. Meanwhile, the rest of 

the described markers have not yet been associated with a specific molecular 

pattern. Hence, the results described in this work may represent a relevant 

finding for the study of lung cancer biomarkers. 
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1.6. VALIDATION OF EXOSOMAL BIOMARKERS IN A RESECTED 
NSCLC COHORT 

To further validate the potential value of the biomarkers seen 

exosomes and validated in TCGA cohort, an independent cohort of patients 

with resected NSCLC tumors from HGUV was used. Of the 186 resected NSCLC 

patients included in this part of the study, 85 (45.7%) relapsed and 91 (48.9%) 

died during the follow-up. The median follow-up of the patients was 31.93 

months [range: 1–161.7]. Clinicopathological characteristics of the resected 

patient's cohort are summarized in Table 10. 

The prognostic value of the different clinicopathologic variables was assessed 

by univariate Cox regression for RFS and OS. Significant results obtained from 

the univariate Cox regression method were also analyzed using the Kaplan-

Meier method (log-rank) to obtain survival plots. This univariate analysis 

showed that patients with more advanced disease stage had shorter RFS 

(HR:1.435; [1.147-1.794]; p=0.002) and OS (HR:1.436; [1.129-1.826]; 

p=0.003). In addition, smokers and former smokers also had shorter RFS 

(HR:2.074; [1.010-4.261]; p=0.047) (Figure S3). 

Considering the significantly higher expression of markers found in exosomes 

belonging to 3D cultures and subsequently associated with survival of NSCLC 

patients in the TCGA cohort, we analyzed whether SNAI1 expression could 

also be associated with prognosis of patients included in this new cohort.   
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Table 10. Clinicopathological characteristics of the patients included in HGUV NSCLC 
cohort.  

Characteristics 

Total 

(N=186) % 

Age at surgery: (median, range) 
65 [26-85] 

Gender 
Male 

Female 
158 
28 

84.95 
15.05 

Smoking status 
Current 
Former 
Never 

91 
74 
21 

48.65 
39.78 
11.29 

Stage 
I 
II 

IIIA 

96 
55 
35 

51.61 
29.57 
18.82 

Histology 
Adenocarcinoma 

Squamous cell carcinoma 
Others 

79 
90 
17 

42.48 
48.38 
9.14 

Relapse 
Yes 
No 

85 
101 

45.70 
54.30 

Exitus 
Yes 
No 

91 
95 

48.92 
51.08 

Mutations 
Yes 
No 

103 
83 

55.37 
44.63 
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For this purpouse, prognostic value of SNAI1 was assessed using the univariate 

Cox regression method for RFS and OS. Gene expression level were 

dichotomized according to the median. No significant results were obtained 

for the entire cohort (RFS: HR=1.135; [0.768-1.676]; p=0.526) (OS: HR=1.210; 

[0.798-1.835]; p=0.368) (Figure 41a). Surprisingly, despite having observed 

SNAI1 expression in most of the exosome samples analyzed (82%), univariate 

Cox regression analysis revealed that high levels of SNAI1 were associated 

with worse OS in LUAD patients (HR:2.248 [1.092-4.629], p=0.024) (Figure 

41b). Survival plot from Kaplan-Meier analysis is shown in Figure 41.  

(a) (b) 

Figure 41. Kaplan–Meier plots for OS according to the relative expression of SNAI1 in the 
global NSCLC HGUV cohort (a) and adenocarcinoma group (b). Blue lines represent patients 
with low levels of SNAI1 expression, whereas green lines represent patients with high 
expression levels. Cut-off values correspond to the median relative expression. P-values were 
calculated using the Kaplan–Meier test. OS: overall survival.  
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Regarding LUSC patients, univariate Cox regression showed no associations 

between the expression of this gene and prognosis (RFS: HR=1.167; [0.696-

1.954]; p=0.558) (OS: HR=0.982; [0.560-1.722]; p=0.950). 

In addition, genes differentially expressed in exosomes and validated in the 

TCGA cohort as biomarkers for each of the main histologies of NSCLC were 

analyzed in this second cohort of patients. In this group of resected patients, 

analysis of TTF-1 expression was routinely performed by IHC at the Anatomical 

Pathology Department of the HGUV. All LUAD patients included in the cohort 

have been selected by this marker and by exclusion of other LUSC markers 

already established for this diagnosis in the department. Afterwards, we have 

analyzed the expression of the rest of the markers selected in the study by RT-

qPCR, having previously extracted the genetic material from the same pieces 

of tumor tissue used for the formation of FFPE blocks for IHC analyzes.  

Continuing with the LUAD group markers, only XAGE1B remain significant for 

this histology (p<0.001) showing a clear identification of the relative 

expression cut-off values to differentiate between LUAD and LUSC (Figure 

42a), whereas in the relative expression of SEPP1 great differences between 

both groups cannot observed (p>0.05) (Figure S4a). 

On the contrary, CAPRIN1 hardly showed differences in its expression 

between both histologies (p>0.05) (Figure S4b), meanwhile CABYR and RIOK3 

remain more expressed in LUSC patients (p=0.003 and p=0.022 respectively), 

showing no overlap in their relative expression cut-off values between groups 

(Figure 42b-c). 
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(a)  (b)  (c) 

Figure 42. Mann–Whitney U-test of the histology-related biomarkers in HGUV cohort. 
XAGE1 (a), CABYR (b) and RIOK3 (c) relative expression in resected NSCLC adenocarcinomas 
and squamous cell carcinomas. Statistically significant differences were depicted: *p<0.05, 
**p≤0.01, and ***p≤0.001. IC: interval of confidence; LUAD: lung adenocarcinoma; LUSC: 
lung squamous cell carcinoma. 

After observing the results previously obtained in this cohort, we selected 

only those markers that had presented very notable differences in relative 

expression cut-off values between both histology groups (XAGE1B and CABYR) 

(p≤0.01). Interestingly, Wilcoxon analysis of the resected NSCLC patients with 

paired samples revealed a higher presence of XAGE1B (p=0.003) and CABYR 

(p<0.001) in lung tumor tissue versus normal adjacent tissue (NAT) (Figure 43). 

As previously mentioned, mRNA expression of different CTAs in healthy 

tissues is largely limited to testis, ovary, and placenta. So, as we can 

corroborate with these results, their expression in healthy lung tissue is very 

weak in many patients analyzed, compared to tumor tissue. The frequency of 

expression of an individual CTA is variable in different tumor types, as well as 

the frequency of expression of different CTA clusters in the same tumor [362]. 
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The present work not only shows the presence of both cancer testis antigens 

(XAGE1 and CABYR) in NSCLC tissues compared to healthy tissues, but also 

allows us to identify the histology of this type of cancer based on the 

expression ratios of both biomarkers. Moreover, these findings have been 

corroborated not only in tissue but also in microvesicles belonging to the 

tumor cells of origin, providing greater value of these markers in the study of 

NSCLC. 

(a) (b) 

Figure 43. Median of relative expression of XAGE1B (a) and CABYR (b) in tumor tissue from 
HGUV NSCLC resected cohort vs. its expression in NAT (normal adjacent tissue) obtained by 
Mann Whithey test. Statistically significant differences were depicted: **p≤0.01, and 
***p≤0.001. LUAD: lung adenocarcinoma; LUSC: lung squamous cell carcinoma. 

Finally, upon confirming a significant expression of these two biomarkers in 

tumor tissue versus healthy tissue, we considered the role of these genes as 

possible prognostic factors.  Kaplan–Meier analysis showed a significant 

association of XAGE1B with patient's prognosis (Figure 44). Patients with high 

expression of XAGE1B (>median) had shorter relapse-free survival (RFS: 21.13 

vs NR months, HR: 2.16; [1.08-4.33]; p=0.022) (Figure 44a) and overall survival 
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(OS: 49.63 vs. not reached (NR) months, HR:2.69; [1.19-6.09]; p=0.013) (Figure 

44b) in LUAD group (N=74).  

(a) (b) 

Figure 44. Prognostic value of XAGE1B in the HGUV NSCLC cohort. Kaplan–Meier plot for RFS 
(a) and OS (b) according to the relative gene expression to reference genes (ACTB, GUSB, 
CDKN2A) in the adenocarcinoma group. Blue line represents patients with low levels of 
XAGE1B expression, whereas green line represents patients with high expression levels. Cut-
off values correspond to the median relative expression. P-values were calculated using the 
Kaplan–Meier test. RFS: relapse-free survival; OS: overall survival; NR: not reached. 

In contrast, CABYR was not significantly correlated with RFS (p=0.757; HR: 

1.08; [0.63-1.87]) or OS (p=910; HR: 1.03; [0.57-1.84]) in our hospital cohort 

(LUSC group) (Figure S5). 
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The results obtained in this first chapter reveal that exosomes from NSCLC 

tumor cells (under in vitro conditions) modulate the biological information 

present in their content according to the characteristics of the originating 

tumor cells. The presence of mRNAs and miRNAs in exosomes can provide 

relevant information about the tumor's histology, the different cellular 

subpopulations it comprises, and the multiple signaling pathways in which 

they are involved. Moreover, some of these biomarkers present in exosomes 

appear to be associated with the survival of NSCLC patients in the early stages 

of the disease. Furthermore, exosomes are proposed as a valuable tool for 

determining some of the most relevant molecular alterations in the clinical 

management of these patients. 
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CHAPTER 2: PLASMA 

2.1. CHARACTERIZATION OF EXOSOMES DERIVED FROM NSCLC 
PLASMATIC SAMPLES 

 Following the isolation of microvesicles from plasma samples of 

NSCLC patients, the obtained samples underwent characterization to 

validate proper purification using a density gradient-based isolation kit. To 

ascertain the size of these vesicles, a subset of randomly chosen samples 

was subjected to NTA (Figure 45). The observed size range was between 99 

and 140 nm, resembling the range observed in cell culture samples and 

aligning with sizes documented in literature corresponding to small 

extracellular vesicles (EVs) or exosomes. 

Figure 45. Plot of size distribution obtained using a NanoSight NS300 instrument in 
plasma-derived exosomes. Five measurements were taken five times over 60 seconds at 
10 frames per second at room temperature. After all readings, mean size (nm) and standard 
deviation (SD) were calculated for exosome samples. 
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 After this step, the size and morphology of the isolated exosomes were 

verified using TEM. As depicted in Figure 46, the structural analysis 

confirmed the typical spherical vesicles ('cupping') exhibiting well-defined 

and intact bilayer membranes, all measuring less than 200 nm in size.  

Figure 46. Representative TEM images of multiple exosomes isolated from NSCLC plasma 
samples. Small EVs are marked by yellow arrows. Scale bars to 200 nm. 

Finally, to confirm the presence of surface markers, we conducted flow 

cytometry analysis using CD63 and CD81 antibodies. The results indicated 

the presence of these surface markers in the plasma exosome samples. 

Additionally, to validate the efficiency of the microvesicle isolation kit, we 

performed parallel labeling of both the obtained pellet and the resulting 

supernatant (Figure 47). The percentage of positivity observed between the 

supernatant of the samples and the exosome pellet obtained after isolation 

was quite remarkable. In the case of CD81 detection, we went from 0.15% 

positivity in the supernatant (Figure 47a) to 0.34% in the exosomal pellet 

(Figure 47b).  



Results & Discussion – Chapter 2 

157 

On the other hand, the presence of CD63 was detected at 0.01% in the 

supernatant (Figure 47c), while the positivity of this marker increased to 

0.15% in the obtained pellet (Figure 47d). This step allowed us to verify that 

the microvesicles were effectively precipitated under the sample-to-reactive 

ratio used in this isolation methodology. 

Figure 47. Flow cytometry analysis of the surface markers CD63 and CD81 in exosomes 
isolated from NSCLC patients’ plasma. Supernatant of plasma samples after isolation of 
exosomes labeled for CD81 and CD63 (a, c). Pellet of exosomes isolated from plasma 
samples and labeled for CD81-PE (pink) and CD63-APC (blue) (b, d). The axes have a 
biexponential scale, where the Y-axis corresponds to side scatter (SSC), while the X-axis 
corresponds to forward scatter (FSC).  
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2.2. MUTATIONAL STATUS DETERMINATION VIA LIQUID 
BIOPSY ELEMENTS 

To assess the capability of exosome-derived DNA detecting clinically 

relevant mutations, we conducted a comparison between cfDNA and exo-

DNA analysis using NSCLC plasma samples. For cfDNA isolation, a sample 

volume of 2 ml was employed, following the established protocol for PCR-

based methods. However, for the isolation of exo-DNA, a volume of 0.5-1 ml 

was used to assess its performance against the conventional gold standard. 

Currently, digital PCR (dPCR) is one of the most robust and sensitive methods 

for determining DNA alterations [363]. In this work, we utilized different 

dPCR technologies, including BEAMing (beads, emulsion, amplification, and 

magnetics) dPCR and dPCR-3D (QuantStudio 3D Digital PCR System) (Thermo 

Fisher Scientific, USA), which are common and widely employed platforms 

in molecular biology laboratories. 

As shown in Table 11, the DNA concentration obtained from isolated 

exosomes using 0.5 ml of plasma is comparable, if not more suitable, for the 

determination of these mutations by multiplex dPCR when compared to the 

ctDNA present in 2 ml of plasma. Furthermore, the comparison of these 

cases reveals that the percentage of the mutant fraction (MF) obtained in 

exosomes is similar or higher than the detected in ctDNA for several KRAS 

and EGFR mutations. 
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Table 11. Mutational analysis in cfDNA and exosomal DNA using different dPCR-based 
methods. 

KRAS – G12V

PATIENT SAMPLE 
PLASMA 

INPUT 
CONCENTRATION TECHNIQUE 

MUTANT 
FRACTION 

LOD 

5519 

cfDNA 2 ML 1.70 ng/µl BEAMING 26 % 0.048 
cfDNA 2 ML 1.70 ng/µl dPCR-3D 43.9 % 0.049 

EXOSOMES 0.5 ML 1.72 ng/µl dPCR-3D 44.46 % 0.049 

KRAS – G13D

6402 

cfDNA 2 ML 0.41 ng/µl BEAMING 10 % 0.058 

cfDNA 2 ML 0.41 ng/µl dPCR-3D 19.98 % 0.185 
EXOSOMES 0.5 ML 0.31 ng/µl dPCR-3D 17.63 % 0.185 

EGFR – L858R

6858 

cfDNA 2 ML 40.6 ng/µl BEAMING 16.73 % 0.03 

cfDNA 2 ML 40.6 ng/µl dPCR-3D 30.70 % 0.013 
EXOSOMES 0.5 ML 14.6 ng/µl dPCR-3D 32.23 % 0.013 

6890 

cfDNA 2 ML 0.29 ng/µl BEAMING 0.25 % 0.030 
cfDNA 2 ML 0.29 ng/µl dPCR-3D 0 % 0.010 

EXOSOMES 0.5 ML 0.18 ng/µl dPCR-3D 0 % 0.010 
EXOSOMES 1 ML 0.33 ng/µl dPCR-3D 0.22 % 0.010 

6739 

cfDNA 2 ML 0.26 ng/µl BEAMING 2.63 % 0.030 
cfDNA 2 ML 0.26 ng/µl dPCR-3D 5.71 % 0.011 

EXOSOMES 0.5 ML 0.09 ng/µl dPCR-3D 7.06 % 0.011 

EGFR – T790M

6739 

cfDNA 2 ML 0.26 ng/µl BEAMING 0.94 % 0.040 
cfDNA 2 ML 0.26 ng/µl dPCR-3D 0.42 % 0.026 

EXOSOMES 0.5 ML 0.09 ng/µl dPCR-3D 2.30 % 0.026 

However, for patients with an extremely low MF, it was necessary to 

increase the volume of plasma used for exosome isolation to 1 ml before 

conducting the corresponding exo-DNA extraction (Table 11).  
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In the case of patient 6890, the mutation was only detected in ctDNA using 

BEAMing (not detected by dPCR-3D), and it was also detected in exosomes 

(using dPCR-3D) after increasing the input volume (Figure 48). 

Figure 48. Comparison of different methods to detect EGFR alterations in a patient with a 
low mutant fraction. Results of ctDNA analysis were obtained by BEAMING (a) and dPCR-
3D (b) from 2ml of plasma. Exo-DNA analysis was performed by dPCR-3D on 0.5ml (c) and 
1ml of plasma (d). dPCR: digital PCR; cfDNA: cell-free DNA; MB: mutant beads. 
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Compared to other types of liquid biopsy biomarkers, exosome-based DNA 

tests are still in their early stages of development. However, they hold 

significant potential to enhance the analytical capabilities of more 

established diagnostic methods due to the greater stability of their genetic 

material when compared to cfDNA. While some studies suggest that 

microvesicle-based nucleic acid tests may exhibit slightly better 

performance than cfDNA tests, further comparative analyzes are required to 

determine the extent to which exosomes can surpass or complement cfDNA-

based liquid biopsies [364,365].  

Combining exo-DNA and cfDNA-based approaches has the potential to 

enhance disease information and improve both specificity and the limit of 

detection in tests. This is particularly valuable in scenarios such as the 

determination of certain tumor mutations known to be under-represented 

in some cases [366–369]. Moreover, due to the heterogeneity of EVs, 

multiplex assays that integrate DNA analysis with additional information on 

other biomolecules, such as miRNA, long non-coding RNA, and proteins, 

among others, have the potential to offer highly precise insights into the 

disease. This approach can significantly advance the prospects of 

personalized medicine [370].  

There are also alternative biofluids, such as bronchoalveolar lavage fluid 

(BALF) from tumour sites, which show promising performance compared to 

blood-based assays due to their enrichment in tumour-specific EVs [371]. 

Notably, the reported average fragment length is longer in microvesicles 
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compared to cfDNA. Fragments of up to 4 kb are observed in exosome-

derived DNA together with a nucleosome-associated pattern [372,373].  

In liquid biopsies, the utilization of cfDNA has been considerably more 

prevalent than EV-DNA thus far. Nonetheless, it has been estimated that 

ctDNA may constitute as little as <0.01% of total cfDNA [374].This ctDNA 

primarily originates from apoptosis, though its release kinetics can also be 

influenced by senescence and necrosis. Given its origin, ctDNA is highly 

fragmented nucleic acid, a factor to consider when designing amplicon sizes 

in PCR-based methodologies [375]. 

After identifying several mutations in NSCLC patients using various 

techniques (as shown in Table 11) for both cfDNA and exosomes isolated 

from plasma samples, the same mutations were also detected in exosomes 

from both serum and plasma samples. When comparing these results (see 

Table 12), it becomes evident that the concentration of exo-DNA isolated 

from serum is generally higher than that obtained from an equivalent 

amount of plasma sample. However, it's noteworthy that for most of the 

detected mutations, the mutant fraction (MF) is typically higher in plasma 

samples than in serum. In addition, in cases with a low percentage of MF, 

serum samples may give a questionable result where it is difficult to ensure 

the accuracy of the analysis (Figure 49). 
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Table 12. Comparative summary of exosomal DNA features isolated from NSCLC 
serum and plasma samples. 

KRAS – G12V 

PATIENT 
EXOSOMES 

SAMPLE 
INPUT CONCENTRATION TECHNIQUE 

MUTANT 
FRACTION 

LOD 

5519 
PLASMA 0.5 ML 1.72 ng/µl dPCR-3D 44.46 % 0.049 

SERUM 0.5 ML 30.6 ng/µl dPCR-3D 1.02 % 0.049 

EGFR – L858R 

6858 
PLASMA 0.5 ML 14.6 ng/µl dPCR-3D 32.23 % 0.013 

SERUM 0.5 ML 12.9 ng/µl dPCR-3D 12.47 % 0.013 

6890 
PLASMA 1 ML 0.33 ng/µl dPCR-3D 0.22 % 0.010 

SERUM 1 ML 1.20 ng/µl dPCR-3D 0.27 % 0.010 

6739 
PLASMA 0.5 ML 0.09 ng/µl dPCR-3D 7.06 % 0.011 

SERUM 0.5 ML 0.54 ng/µl dPCR-3D 2.49 % 0.011 

EGFR – T790M 

6739 
PLASMA 0.5 ML 0.09 ng/µl dPCR-3D 2.30 % 0.026 

SERUM 0.5 ML 0.54 ng/µl dPCR-3D 2.29 % 0.026 
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Figure 49. Comparison of dPCR-3D results on exosomal sample with low mutant fraction 
isolated from 1ml of plasma (a) and serum (b). Direct quantification of mutated and non-
mutated sequences by dPCR-3D provides information on the percentage of mutated 
sequences. Samples are diluted and divided into many separate compartments that make 
up the chip, each containing one or zero copies of the target gene. PCR is performed on 
each compartment and the final fluorescence is measured to determine whether the 
compartment is positive or negative. This is followed by digital identification of the target 
gene in the sample. In cases where a mutant and WT copy (green dots) coincide in the same 
compartment, the result should be treated with caution and the total MF percentage should 
not be considered absolute. MF: mutant fraction; dPCR: digital PCR.  

These findings in exosomes are consistent with a study conducted by 

Pittella-Silva and colleagues in 2020. In their research, they observed that 

the average total cfDNA concentration was 55% higher in serum samples, 

and longer DNA fragments were notably more prevalent in serum compared 

to plasma. Mutated nucleotides were detected in both sample types, but the 

proportion of mutated DNA was approximately half as much in serum 

compared to plasma. The authors suggested that this difference might be 

due to serum containing a higher dilution of non-cancerous DNA. In matched 
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samples from cancer patients, nearly 45% of mutations with low MF were 

not detected in serum samples, while concordance rates with somatic 

mutations identified in tissue biopsies at diagnosis were higher in plasma 

samples.[376]  

Plasma and serum, the two primary types of blood supernatant, serve as 

sources of blood EVs, but it's still unclear if, how, and to what extent the 

choice between the two affects the results and interpretation of blood EV 

studies. Plasma and serum are collected using different methods, and it's 

well-known that this variance results in distinct protein and nucleic acid 

profiles [377,378].  

Additionally, some studies suggest that serum-isolated EVs may contain 

additional vesicles released by platelets during clotting reactions, resulting 

in differences in EV profiles compared to plasma. Various factors, such as 

blood collection methods, hemolysis, selection between serum and plasma, 

use of anticoagulants, freeze/thaw cycles, storage duration/temperature, 

and EV isolation methods, are known or suspected to influence blood EV 

profiles. Therefore, it is essential to have a clear understanding of the study's 

objectives and always perform analyzes on the same type of sample to 

minimize potential variations [379,380].  
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2.3. ANALYSIS OF PLASMA EXO-mRNA FOR BIOMARKERS 
DETECTION 

Exosomal RNAs were determined using the Agilent RNA Pico Chip. 

The small fragments were dominant in the exosomal RNAs (Figure 50). 

Unlike cells, microvesicle RNA does not contain the 18S and 28S ribosomal 

subunits. This approach helps us confirm the proper isolation of samples and 

the absence of contamination by cellular debris. 

Figure 50. Quantification and integrity of RNA obtained from plasma exosomes by 
bioanalyzer. The upper panel graph corresponds to exo-RNA from a healthy individual (a), 
while the lower panel graphs correspond to exo-RNA from patients with NSCLC (b).  

The pattern of integrity observed in exosomes from both healthy individuals 

and NSCLC patients is consistent with findings from other previously 
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published studies, in which exosomal RNA fragments were also found to be 

in the range of 30-200 nucleotides [381]. Furthermore, a significant 

difference in concentration and fragment size is also evident between 

exosomes from both types of samples. A study published in 2016 [382] 

analyzed oral fluid samples using NTA, revealing a significantly higher 

concentration of microvesicles in samples from patients with oral cancer 

compared to those from individuals without cancer. Previous studies have 

also demonstrated that various types of cancer cells, including lung cancer, 

tend to secrete elevated levels of exosomes compared to normal cells. These 

increased levels of exosomes in cancer are believed to facilitate intercellular 

communication and, consequently, tumor growth [383].  

Until 2021, the nCounter platform had never been tested for mRNA analysis 

of plasma-derived EVs. However, Bracht JWP et al. [231] published a proof-

of-concept study in which they optimized a workflow for EV enrichment, EV-

mRNA purification, and subsequent gene expression analysis on the 

nCounter platform to develop biomarker assays. The methodology for 

exosomal RNA isolation and pre-amplification was optimized, resulting in a 

highly reproducible final workflow that can be completed in just three days. 

A significant finding was the binding of exo-DNA to the mRNA panel due to 

a probe design that did not span the intron, which requires the addition of a 

DNase step. In collaboration with this group, a custom human gene panel 

was designed with the goal of analyzing the gene expression of a set of 

biomarkers of interest in NSCLC exosomal plasma samples. 
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Out of the 30 probes included in the custom panel, only 23 finally yielded 

hybridization signals in more than one patient (3 probes corresponding to 

housekeeping genes were included). Although the design process aimed to 

include the same annotations as other genes previously analyzed (using 

microarrays) in exosomes from cell cultures, some of these probes (7 out of 

30) did not produce expression values in the samples from this cohort.

Regarding this limitation, while NGS platforms are not always 

straightforward to implement in clinical practice, in this case, they might 

offer a more sensitive and accurate tool for biomarker discovery compared 

to the NanoString system, especially in terms of transcriptomic analysis of 

the content of these microvesicles. However, this is an interesting area that 

remains to be explored. 

Out of the 36 plasmatic exosome samples from NSCLC patients (at baseline) 

intended for transcriptomic analysis, only 32 successfully completed the 

entire amplification, hybridization, and normalization process. The clinico-

pathological characteristics of the patients included in this study are 

summarized in Table 13. Among the 32 patients in this subset, 26 (81.2%) 

experienced a recurrence, and 25 (78.1%) died during the follow-up. Only 

patients with at least 1 month of follow-up were included (96.8%). 

Additionally, information on recurrence was unavailable for one patient. The 

median follow-up duration was 12.23 months (range: 1.2-77.2). None of 

these variables showed a significant association with patient survival in 

univariate Cox regression analysis. 
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Table 13. Clinicopathological characteristics of the patients included in NSCLC plasma 
cohort. 

First, a hierarchical cluster analysis was conducted to obtain an overview of 

the global overexpression pattern of the markers analyzed in this cohort 

(Figure 51), followed by subsequent statistical analysis. 

Characteristics 

Total 

(N=32) % 

Age at surgery: (median, range) 
65 [51-82] 

Gender 
Male 

Female 
24 
8 

75 
25 

Stage 
III 

IVa 
IVb 

5 
20 
7 

16.3 
62.2 
21.5 

Histology 
Adenocarcinoma 

Squamous cell carcinoma 
16 
16 

50 
50 

Mutations 
Yes 
No 

17 
15 

53.2 
46.8 

First Line Treatment 
Chemotherapy 

Immunotherapy 
Others 

15 
10 
7 

46.9 
31.2 
21.9 
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Figure 51. Hierarchical cluster analysis of probes that have amplified within the plasma 
exosome cohort. Light yellow corresponds to probes in which there has been no change in 
relative gene expression, while orange and red tones correspond to gradual overexpression. 

After verifying that our data did not follow a normal distribution (Shapiro-

Wilk test p>0.05), as in the rest of the data analyzed previously, we 

proceeded to perform a Mann-Whitney U test to detect possible 

associations between the expression of these genes and some of the 

clinicopathological variables of our cohort (Figure 52). 
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Figure 52. Mann–Whitney U-test of the exosomal biomarkers in plasma cohort. Relative 
expression of genes significantly associated with some of the clinicopathological variables 
such as gender (a), treatment (b), histology (c-d), mutation status (e), and stage (f). 
Statistically significant differences were depicted: *p<0.05, **p≤0.01. IC: interval of 
confidence; LUAD: lung adenocarcinoma; LUSC: lung squamous cell carcinoma; WT: wild 
type. 
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Correlational analyzes revealed higher MMP-9 expression in plasma 

exosomes from advanced NSCLC patients who received chemotherapy after 

diagnosis, as compared to those who underwent other types of therapy. 

Remarkably, several years ago, other authors demonstrated a close 

association between serum MMP-9 concentrations in NSCLC cases during 

chemotherapy and the outcome of this treatment [384]. In addition, a study 

published a year later corroborated these same results in colorectal cancer 

[385]. A few years later, researchers reported combining serum CD147 and 

MMP-9 levels to predict the response to chemotherapy. Multivariate 

analysis demonstrated that variations in these markers could serve as 

independent factors for monitoring chemotherapy response in NSCLC 

patients, significantly improving predictive accuracy compared to using 

either protein alone [386]. 

Furthermore, the significant expression of CD24 in the exosomes of LUAD 

patients is consistent with findings published by various authors that have 

linked CD24 expression to this histology, and cancer-related mortality, 

suggesting an aggressive tumor behavior [387,388].

On the other hand, MHC Class I-Related Chain A (MICA) expression in 

exosomes also showed a significant relationship with the histology of the 

patients included in this cohort. As a tumour-associated antigen, it is widely 

expressed in a variety of neoplastic diseases [389–391].  
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It has previously been described in advanced NSCLC and its high expression 

was associated with a poor prognosis in these patients [391,392].

Additionally, plasma exosomal RIOK3 expression was significantly associated 

with EGFR, KRAS, ALK or PD-L1 positive tumours, as opposed to those with 

undetectable mutations. Previous evidence has shown that higher RIOK3 

expression in tumours, compared to healthy tissue, may be associated with 

the level of mismatch repair (MMR) gene mutations and DNA 

methyltransferase expression [360]. However, further analysis in a larger 

group of patients would be needed to determine whether there is a reliable 

association between RIOK3 expression and the presence of molecular 

alterations.

Finally, the content of exosomes presents in NSCLC plasma samples showed 

an increased expression of the S100A2 gene in patients with metastatic 

disease. The potential of this gene to induce metastasis has previously been 

described in mouse models [393]. There are evidences [393,394] 

demostrating that S100A2 is associated with poor survival in surgically 

resected NSCLC patients. Therefore, the presence of this marker in 

exosomes (obtained through liquid biopsy) could be a valuable tool for 

assessing the risk of relapse in early-stage patients and developing a more 

robust therapeutic strategy. 
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Moreover, regarding the potential association of the previously mentioned 

biomarkers with survival, the Cox regression analyzes conducted in this 

cohort did not reveal a significant association between these genes and the 

patients' RFS/OS (p>0.05). This lack of association could be attributed, at 

least in part, to the small number of individuals included in this cohort 

analyzed using this approach. 

Finally, to determine whether the expression of any of these prominent 

markers in plasma exosomes might be associated with survival in early-stage 

NSCLC patients, a univariate analysis of these five genes was conducted in 

the TCGA cohort, which included 661 patients. The data did not show any 

significant association between these genes and RFS or OS in the overall 

cohort (Table S6). 

However, when CD24 and MICA genes were analyzed by histological 

subgroups, a lower significant RFS was observed in those LUSC patients with 

higher expression of MICA (HR:1.414; [1.005-1.988]; p=0.045) (Figure 53) 

(Table S7). 
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Figure 53. Kaplan-Meier plot for RFS according to MICA expression levels of the LUSC group 
(TCGA cohort). Blue line represents patients with low levels of MICA expression, whereas 
green line represents patients with high expression levels. Cut-off values correspond to the 
median relative expression. P-values were calculated using the Log-Rank test. RFS: relapse-
free survival; LUSC: lung squamous cell carcinoma. 

MICA is produced in response to viral infections and various forms of stress. 

MICA serves as a ligand for the NKG2D activating receptor, primarily found on 

natural killer (NK) and T cells. This interaction triggers the cytotoxicity of NK 

cells and plays a crucial role in immune surveillance, preventing the spread of 

pathogens and, in the context of cancer, impeding tumor progression [395].  

However, in cancer patients with MICA-positive tumors, both systemic and 

tumor-infiltrating NK cells and CD8+ T cells frequently exhibit reduced NKG2D 

expression and diminished functionality. Tumor-associated matrix 

metalloproteinases (MMPs) can cut MICA at its transmembrane domain, 
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releasing soluble MICA proteins (sMICA) from tumor cells. As a result, this 

hinders the anti-tumoral actions of immune cells by reducing their ability to 

bind effectively to target cells [396,397].  

It may be bewildering that the high expression of a molecule involved in 

alerting the immune response can, conversely, be associated with a tumor's 

immune evasion strategy. It is well-established that cellular transformation 

results in an increased expression of NKG2D (compared to baseline levels), 

turning these cells into specific targets for NK cell-mediated cytotoxicity 

[398,399]. Nevertheless, the elevated and maintained MICA expression can 

provide a selective advantage to tumor cells. This sustained expression may 

promote immunosuppression rather than immune activation, as the ongoing 

presence of NKG2D could desensitize NK cells and impair their function, 

ultimately contributing to tumor aggressiveness [400].  

In relation to the results obtained from the TCGA database, there is no robust 

evidence confirming the relationship between patients' survival in the early 

stages of lung cancer and the overexpression of MICA. However, the 

association between this biomarker and poor prognosis in patients with 

advanced-stage lung cancer has been previously described [401,402].  

The presence of MICA in tumor exosomes and its role in the immune evasion 

mechanism has already been described in some types of tumors [403–405]. 

Nevertheless, the results obtained in this thesis reveal, for the first time, the 

presence of MICA in exosomes derived from NSCLC.  
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This discovery could have significant implications for the development of new 

treatment strategies in lung cancer, with a focus on the role of these 

microvesicles in reshaping the tumor microenvironment and the immune 

system activation [406].  

The results summarised in this final chapter demonstrate the great potential 

of exosomes as part of the liquid biopsy for the study and monitoring of this 

disease. Although there is still some way to go before standardisation of 

working protocols, exosomes have been shown to be an analyte that can be 

analysed using multiple approaches, starting with a small amount of sample 

obtained in a minimally invasive manner. However, many of the results 

obtained in this cohort of NSCLC patients need to be validated in a much larger 

number of patients.  Given the complexity and relevance of the molecular 

information they contain; exosomes are a valuable tool that may represent a 

turning point in the clinical management of lung cancer. 





V. INTEGRATION OF RESULTS 



 

 

 



Integration of results 

181 
 

The present study has focused on the role of exosomes as elements 

of liquid biopsy for the study of NSCLC. To achieve this, exosomes from 4 

primary cultures and 13 cell lines, as well as 50 peripheral blood samples 

from patients, were employed. Firstly, due to the lack of standardized 

protocols for the isolation of these microvesicles, a reliable and robust 

methodology was developed to obtain this analyte. Additionally, different 

cell culture methods were used, including 3D and 2D models. 

The transcriptomic study of exosomes secreted by tumor cells in vitro, 

showed a significant expression differences between primary cultures vs. 

commercial cell lines, 3D and 2D cultures, and also in the classification of 

two of the most common histological subtypes in NSCLC (LUAD vs. LUSC). In 

these three comparative groups, a large number of differentially expressed 

mRNAs and miRNAs were observed. 

In the group of samples from 3D-exosomes, it is worth highlighting notable 

genes, including FDFT1, SNAI1, and WNT5A, as some of them have been 

previously associated with CSCs. Enrichment analyzes conducted with the 

full set of differential mRNAs and miRNAs have identified various biological 

pathways closely related to the selected culture model, underscoring the 

importance of using 3D models enriched in CSCs to identify markers 

associated with malignant transformation, cell proliferation, or 

differentiation grade.  

Additionally, a substantial number of genes present in exosomes were 

related to the histology of cell cultures. In the case of LUAD, XAGE1B, SEPP1, 
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and TTF-1 stand out as notable biomarkers, while CABYR, RIOK3, and 

CAPRIN1 are the most robust in the LUSC group. To investigate further the 

implication of these markers in NSCLC, the most prominent genes were 

analyzed using RT-qPCR in a set of exosomes from cell cultures larger than 

that used in the initial screening with arrays.  

Our results reveal a robust expression of FDFT1 and SNAI1 in exosomes from 

3D models. On the other hand, XAGE1B is significantly expressed in LUAD 

exosome samples, while CABYR emerges as a promising biomarker in LUSC.  

Based on these findings, an in silico validation emphasized the correlation of 

SNAI1 with the recurrence-free survival (RFS) and overall survival (OS) of 661 

early-stage NSCLC patients from TCGA. High levels of this biomarker were 

associated with worse outcomes in individual survival analysis. In line with 

the previous results, Mann-Whitney tests revealed a significant association 

of XAGE1B, SEPP1, and TTF-1 in LUAD patients, while CABYR, RIOK3, and 

CAPRIN1 exhibited significant expression in LUSC. Additionally, the 

prognostic value of SNAI1 was confirmed using an independent cohort of 

186 patients from Hospital General Universitario de Valencia, showing that 

high levels of SNAI1 were linked to worse OS in LUAD patients. Morever, the 

role of XAGE1B as a prognostic biomarker in LUAD was reaffirmed in this 

cohort, and CABYR and RIOK3 remained robust in LUSC. 

Furthermore, the results demonstrated that XAGE1B and CABYR not only 

distinguished tumor histology in both tissue and exosomes from tumor cells 

but also exhibited higher expression in tumor tissue compared to weak 
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expression in healthy tissue, highlighting the significance of these markers in 

NSCLC research.  

Continuing with the second chapter of this work, which is based on the study 

of exosomes derived from peripheral blood, a comprehensive 

characterization of the obtained samples was conducted. By analyzing 

various parameters such as morphology, size, concentration, and surface 

marker detection, the presence of these microvesicles was confirmed, 

corroborating the profile of NSCLC exosomes previously established from in 

vitro tumor samples. Furthermore, exo-DNA has allowed us to identify some 

of the most common molecular alterations in this pathology, including 

mutations in genes such as EGFR, KRAS, or ALK, which hold significant clinical 

relevance. This work highlights that a small volume of plasma can provide a 

sufficient amount of exo-DNA for reliable mutation detection, even in 

samples with a low mutant fraction.  

Finally, the transcriptomic study of 36 exosome plasmatic samples from 

advanced-stage NSCLC patients made it possible to conduct multiplexed 

analysis in which significant associations between some markers (CD24, 

MMP9, MICA, RIOK3, and S100A2) and clinicopathological variables (such as 

histology, stage, presence of mutations, or subsequent treatment of these 

patients) were revealed.  

In summary, the findings presented in this work underscore the pivotal role 

of exosomes in the study of lung cancer biology and also as a source of 

biomarkers assessment (Figure 54). The wide variety of genetic material 
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encapsulated within their lipid bilayer membrane allows us to construct a 

comprehensive understanding of the tumor's molecular characteristics and 

the mechanisms implicated in its progression. Certain exosomal markers 

may hold potential as therapeutic targets to modulate tumor behavior and 

its microenvironment. Validation of these results in larger number of NSCLC 

samples and the standardization of analytical methodologies are still 

necessary. However, in the near future, exosomes, along with other 

components of liquid biopsy, could serve as a complement to conventional 

tissue biopsies, especially in complex cases where they might become the 

primary diagnostic resource. 
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Figure 54. Integration of results encompassed in this thesis. (Own design created with 
BioRender.com) LUAD: lung adenocarcinoma; LUSC: lung squamous cell carcinoma; NTA: 
nanoparticle tracking analysis; TEM: transmission electron microscopy; RFS: relapse-free 
survival; OS: overall survival; MF: mutant fraction; dPCR: digital PCR; TCGA: The cancer 
genome atlas program. 
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1. An optimal workflow has been developed for the isolation and 

subsequent quantification and characterization of exosomes secreted by 

cultured tumor cells, as well as those obtained from peripheral blood.  

2 Several markers such as TSG-101, CD9, CD63, and CD81 were 

detected on the surface of microvesicles isolated from NSCLC, confirming 

the nature of the exosomes alongside the obtained size and morphology. 

3. The use of different in vitro models such as primary cultures and 3D 

growth models is highly valuable for identifying biomarkers and signaling 

pathways involved in tumor processes in a more representative manner 

compared to conventional models. 

3.1. Genes related to tumor progression, such as FDFT1 and 

SNAI1, have shown significantly higher expression in exosomes from 3D 

models enriched in CSC populations.  

3.2. According to gene expression analysis in both exosomes and 

tissue from early-stage NSCLC patients, the presence of certain markers can 

be used to predict histological subtypes: XAGE1B, SEPP1, and TTF-1 in LUAD; 

while CABYR, RIOK3, and CAPRIN1 were highly expressed in LUSC. 

Furthermore, XAGE1B and CABYR can be used to distinguish tumor tissue 

samples from adjacent healthy tissue.  

4. In exosomes from plasma of advanced-stage NSCLC patients, 

markers like CD24, MICA, MMP9, RIOK3, and S100A2 were significantly 

associated with clinicopathological variables such as histology, stage, 

mutational status, or response to therapeutic approaches. 
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4.1 The expression of markers selected from exosomal analysis 

(SNAI1, XAGE1B and MICA) in tissue samples has been shown to be related 

with the survival in early-stage NSCLC patients. 

5. Mutations in clinically relevant genes (EGFR, KRAS, and ALK) can be 

reliably detected using nucleic acids extracted from microvesicles, even from 

small sample volumes and when dealing with a low percentage of mutant 

fraction. 

6. The integration of these results establishes exosomes as highly 

valuable components for exploring the molecular characteristics of NSCLC, 

attainable through minimally invasive means throughout the course of the 

disease. The content encapsulated within these microvesicles emerges as a 

valuable asset for diagnosing, prognosis, and clinically managing patients 

with this condition. 
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A. SUPPLEMENTARY MATHERIAL 

Table S1. The definition of descriptors of the TNM Classification System 8th 
Edition. 

T – Primary Tumor 

Category Subcategory Descriptors 

TX Primary tumor cannot be assessed, or tumor proven by the 
presence of malignant cells in sputum or bronchial washings 
but not visualized by imaging or bronchoscopy. 

T0 No evidence of primary tumor. 
Tis Carcinoma in situ:  

Tis(AIS): adenocarcinoma.  
Tis(SCIS): squamous cell carcinoma. 

T1 Tumor dimension ≤3 cm, surrounded by lung or visceral 
pleura, without bronchoscopic evidence of invasion more 
proximal than the lobar bronchus. 
T1mi Minimally invasive adenocarcinoma. 
T1a Tumor dimension ≤1 cm. 
T1b Tumor dimension >1 cm but not >2 cm. 
T1c Tumor dimension >2 cm but not >3 cm. 

T2 Tumor dimension >3 cm but not >5 cm; or tumor with any of 
the following features.  
• Involves main bronchus regardless of distance to the carina, 
but without involving the carina. 
• Invades visceral pleura.

T2a Tumor dimension >3 cm but not > 4 cm. 
T2b Tumor dimension >4 cm but not >5 cm. 

T3 Tumor dimension >5 cm but not >7 cm or one that directly 
invades any of the following: parietal pleura (PL3), chest wall 
(including superior sulcus tumours), phrenic nerve, parietal 
pericardium; or associated separate tumor nodule(s) in the 
same lobe as the primary. 
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T4 Tumors >7 cm or one that invades any of the following: 
diaphragm, mediastinum, heart, great vessels, trachea, 
recurrent laryngeal nerve, esophagus, vertebral body, carina; 
separate tumor nodule(s) in a different ipsilateral lobe to that 
of the primary. 

N – Regional Lymph Nodes 

NX Regional lymph nodes cannot be assessed. 
N0 No regional lymph node metastasis. 
N1 Metastasis in ipsilateral peribronchial and/or ipsilateral hilar 

lymph nodes and intrapulmonary nodes, including 
involvement by direct extension.  

N2 Metastasis in ipsilateral medaistinal and/or subcarinal lymph 
node(s).  

N3 Metastasis in contralateral mediastinal, contralateral hilar, 
ipsilateral or contralateral scalene, or supraclavicular lymph 
node(s).  

M- Distant Metastasis 

M0 No distant metastasis. 
M1 Distant metastasis. 

M1a Separate tumor nodule(s) in a contralateral 
lobe; tumor with pleural nodules or 
malignant pleural or pericardial effusion.  

M1b Single extrathoracic metastasis in a single 
organ and involvement of a single distant 
(non-regional) node.  

M1c Multiple extrathoracic metastases in one or 
several organs.  
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Figure S1. Flow cytometry control serial dilutions for validation of signal detection in 
exosome samples. The axes have a biexponential scale, where the Y-axis corresponds to 
side scatter (SSC), while the X-axis corresponds to forward scatter (FSC) CD63-APC (blue).  

Table S2. Molecular alterations detected in cell cultures-derived exosomes with different 
histologies. 

SW900 H1975 H358 PC9 H1650 A549 HCC827 H2228 FIS 435 

LUSC LUAD LUAD LUAD LUAD LUAD LUAD LUAD LUAD 

KRAS 
p.G12V 

EGFR 
p.L858R 

+ 
p.T790M 

KRAS 
p.G12S 

EGFR 
p.E746_
A750del 

EGFR 
p.E746_
A750del 

KRAS 
p.G12S 

EGFR  
p.E746_
A750del 

EML4-
ALK 

fusion 

KRAS  
 p.G12C  

LUSC: squamous cell lung cancer; LUAD: adenocarcinoma cell lung cancer. 
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Figure S2. Kaplan-Meier plots for survival according to clinicopathological variables for 
the TCGA cohort. Significant RFS (HR:1.305; [1.020-1.671]; P=0.034) and OS (HR:1.327; 
[1.019-1.727]; P= 0.036) for age (a-b) and RFS (HR:1.252 [1.081-1.450] P= 0.009) and OS 
(HR:1.312; [1.125-1.529]; P= 0.001) for TNM stage (c-d). 
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Table S3. Enrichment of GOBP categories according to the target genes of exo-miRNAs 

secreted from 2D and 3D cell cultures. 

Figure S3. Kaplan-Meier plots for survival according to clinicopathological variables for 
the HGUV cohort. Significant RFS and OS for TNM stage (P-values <0.01) (a-b) and RFS for 
smoking status (P-value <0.05) (c). 

GOBP categories enrichment Cell culture model overlap 

Chromatin remodeling 3D-Target genes 
Regulation of celular macromolecule biosynthetic process 3D & 2D-Target genes 
Platelet aggragation 3D-Target genes 
Homotypic cell-cell adhesion 3D-Target genes 
Modification-dependent protein catabolic process 3D-Target genes 
Positive regulation of cell morphogenesis involved in 
differentiation 

3D-Target genes 

Protein ubiquitination 3D-Target genes 
Regulation of transcription, DNA-templated 3D & 2D-Target genes 
Cellular response to interleukin-6 2D-Target genes 
Protein phosphorylation 2D-Target genes 
Cellular response to cytokine stimulus 2D-Target genes 
Negative regulation of translation 2D-Target genes 
Vesicle fusion 2D-Target genes 
Cellular response to decreased oxygen levels 2D-Target genes 
Regulation of transcription from RNA polymerase II 
promoter 

3D & 2D-Target genes 

Regulation on gene expression 3D & 2D-Target genes 
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Figure S4. Mann–Whitney U-test in HGUV cohort. Non-significant (NS) p-values for SEPP1 
(a) and CAPRIN1 (b).  

Table S5. Clinicopathological characteristics of the patients included in the in silico cohort 
(TCGA database). 

Characteristics 

Total 

(N=661) 

% 

Age at surgery: (median, range) 
66 [38-88] 

Gender 
Male 

Female 

395 
266 

59.76 
40.24 

Smoking status 
Current 
Former 
Never 

165 
382 
114 

24.96 
57.79 
17.25 

Stage 
IA 
IB 
IIA 
IIB 
IIIA 

152 
223 
63 

116 
107 

22.99 
33.74 
9.53 

17.55 
16.19 

Histology 
Adenocarcinoma 

Squamous cell carcinoma 
345 
316 

52.19 
47.81 

Exitus 
Yes 
No 

261 
400 

39.49 
60.51 
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(a) (b) 

Figure S5. Prognostic value of CABYR in the HGUV NSCLC cohort. Kaplan–Meier plot for 
RFS (a) and OS (b) according to the relative gene expression to reference genes (ACTB, 
GUSB, CDKN2A) in the LUSC group. Blue line represents patients with low levels of CABYR 
expression, whereas green line represents patients with high expression levels. Cut-off 
values correspond to the median relative expression. P-values were calculated using the 
Log–Rank test. 

Table S6. Results of survival analysis in the TCGA validation cohort, based on the 
expression of exosomal biomarkers found in plasma cohort. 

Gene expression levels of each gene were dichotomized as high and low according to their 
medians. The results were obtained using the univariate Cox regression method. *p<0.05. 
CI: confidence interval; HR: hazard ratio; OS: overall survival; RFS: relapse-free survival.  

RFS OS 

GENE HR 95% CI P-value HR 95% CI P-value 

CD24 0.913 0.725-1.150 0.438 0.876 0.685-1.120 0.290 
MICA 1.098 0.817-1.384 0.428 1.045 0.818-1.334 0.727 

MMP9 1.127 0.896-1.1419 0.308 1.054 0.826-1.344 0.672 
RIOK3 0.947 0.752-1.193 0.646 0.996 0.781-1.269 0.972 

S100A2 1.228 0.975-1.547 0.080 1.107 0.868-1.412 0.413 
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Table S7. Results of survival analysis in the TCGA validation cohort, based on exosomal 
expression of CD24 and MICA (previously detected in plasma cohort). 

Gene expression levels of each gene were dichotomized as high and low according to their 
medians. The results were obtained using the univariate Cox regression method. *p<0.05. 
CI: confidence interval; HR: hazard ratio; OS: overall survival; RFS: relapse-free survival.  

RFS OS 

GENE HR 95% CI P-value HR 95% CI P-value 
CD24  

LUAD GROUP 
LUSC GROUP 

0.827 
0.998 

0.603-1.135 
0.712-1.400 

0.239 
0.992 

0.834 
0.928 

0.574-1.211 
0.669-1.289 

0.340 
0.657 

MICA  
LUAD GROUP 
LUSC GROUP 

0.855 
1.414 

0.622-1.173 
1.005-1.988 

0.332 
0.047* 

0.854 
1.182 

0.589-1.239 
0.851-1.640 

0.406 
0.318 
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