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SUMMARY, AIMS AND OUTLINE OF THE STUDY

The main aim of this thesis is to increase the knowledge about exosomes in cancer. Specially,
we would like to contribute to improve the imaging techniques for exosomes, and their role as

predictive biomarkers and “shuttle” of crucial information between cells in the cancer process.

Every chapter of this thesis corresponds to a paper published, in process to be publish or

submitted at the moment of thesis delivery.

After this initial summary, in the second chapter we provide an overview of the current
landscape treatment in Non-Small Cell Lung Cancer (NSCLC) and the importance of liquid
biopsy in this lethal disease IN the third chapter, we discus about the roles that exosomes
might play in the NSCLC development through their pleiotropic roles. We also described the
potential role of exosomes as diagnostic, predictive and prognostic biomarkers based on the

study of miRNA, proteins, RNA and DNA contented in the exosomes.

Chapter four, is the first part of the thesis, describes our approach to improve cells and
exosome imaging protocols. Starting for the minimum requirements for exosomes
identification, scanning electron microscopy (SEM). Then, we propose our approach to
improve a protocol for exosomes staining by the elimination of ultracentrifugations step, in
order to simplify the techniqgue and make it more accessible and reproducible. We apply this
technique both in confocal microscopy and live cell/lexosomes imaging through confocal
microscopy. It is this last step where we elaborate a protocol in order to observe the
internalization of exosomes in live imaging. Even if this technique requires further optimization,
is settling the bases to understand one of the most important process for cross-talk, the

exosomes internalization.

The fifth chapter is divided in two different sections, 5.1 and 5.2, were we studied the
exosomes as predictive biomarkers in a small subset of NSCLC patients. The first section of
the chapter analysed the ALK-EML4 translocation in exosomal RNA from patient’'s samples
and the concordance with tissue. The second section is focused on three EGFR (Epidermal
Growth Factor Receptor) aberrations: deletion of the exon 19, L858R mutation and the
acquired T790M mutation. Some of the test of this chapter are ongoing and we expect to have

the results at the time of the defence of the thesis.
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To conclude, the sixth chapter studies the functionality of exosomes derived from EGFR TKI
(tyrosine kinase) lung cancer resistant cell lines when are internalized by a sensitive one.
Firstly, we focused on the transference of genetic material and subsequently, we have studied
whether the exosomes might induce partial or complete resistance in the recipient cells. In
light of recent publications in other tumours, we also studied the effect of exosomes in cell
survival and aggressiveness, that might be mediated through epithelial-mesenchymal
transition. This might correlate with the changes of morphology observed on the cells after

exosomes treatment.
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NON-SMALL CELL LUNG CANCER

Lung cancer is the leading cause of cancer deaths worldwide, (1), being 85% of those Non-
Small Cell Lung Cancer (NSCLC). The last data published by Cancer Research UK reported
the 1-year overall survival rate of 32% for lung cancer patients while the 5-years survival rate
is around 10%. Besides the development of new effective therapies, lung cancer is still today a

disease difficult to control.

The advent of targeted agents represents one of the most important innovation, together with
immunotherapy, in the treatment of lung cancer over the last years. The discovery of
epidermal growth factor receptor (EGFR) activating mutations in 2004 as oncogene driver in a
subgroup of patients with NSCLC led to the development of a new family of biological agents,
called EGFR-TKIs, which were able to selectively bind and inhibit the EGFR molecular
pathway. About eight phase Il randomized clinical trials compared EGFR-TKI Gefitinib,
Erlotinib, or Afatinib vs platinum-based chemotherapy as first-line treatment for EGFR-mutated
NSCLC patients, all showing a significant survival benefit in favour of EGFR-TKIs. These
drugs have revolutionized the clinical management of about 40% Asian and 12% -16%
Caucasian NSCLC patients harbouring EGFR-mutations, whose survival outcomes nearly
doubled compared to standard chemotherapy. Later the discovery of the EML4-ALK fusion
gene in about 3-8% of patients with NSCLC and the subsequent clinical development of
crizotinib represented an amazing success story leading to the recent approval of this
compound as new standard first-line treatment in this subgroup of patients (2). Nevertheless,
in both cases, despite an initial impressive benefit, patients inevitably experience tumour
progression, because the tumour can generate resistance to these treatments through genetic
modifications like mutations or amplifications. To avoid this problem, new drugs able to
overcome resistance mechanisms are approved. New generations EGFR and ALK inhibitors
have been recently investigated in randomized clinical studies, showing an impressive efficacy
and tolerability in patients who failed prior TKIs. Particularly osimertinib, a third-generation
EGFR-TKI in most advanced stage of clinical development which is active against both EGFR-
sensitizing and resistant T790M mutation. The phase Ill AURA 3 study has recently shown a
significant survival benefit in favour of osimertinib over platinum-chemotherapy in NSCLC
patients who progressed to prior EGFR-TKI and were T790M positive (3). Recently, FDA
(Food and Drug Administration) approved this compound in first line due to the FLAURA study.
Similarly, the new generation ALK-inhibitors alectinib, ceritinib and brigatinib also

demonstrated a significant improvement of PFS and OS in ALK-rearranged patients who failed
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prior therapy with crizotinib (4). However, there are already some data showing that resistance
mechanisms can occur also for these new generation drugs (5,6). In this scenario biomarker
investigations have become one of the most interesting and studied fields of translational lung
cancer research with the aim to estimate patients’ prognosis, to monitor treatment response

and to eventually predict both treatment efficacy and tumour recurrence (7,8).

The genetic analysis of both EGFR mutations and EML4-ALK translocation is a crucial step at
the time of diagnosis, in order to plan the optimal treatment strategy for each patient.
Furthermore, the analysis of EGFR mutations has acquired a growing importance also in the
follow-up of TKl-treated patients. In fact, almost in nearly 60% of TKI-treated patients the
treatment efficacy fails due to resistance mechanisms. The most common cause of TKI failure
depends on the onset of secondary mutations; the exon 20 T790M is the most characterized
resistance mutation in EGFR (9).

Therefore, EGFR mutational status should be monitored during treatment and mostly at
relapse to choose the proper subsequent therapy. Tissue biopsy is a gold standard for the

molecular analysis of a patient affected by NSCLC.

Even if there is a big consensus about the use of tissue biopsy as a primary source of genetic
information, we still have to face the situation when “the tissue becomes the issue”. This may
happen when a strict “molecular follow-up” is mandatory to evaluate patient’'s disease
evolution. To solve this problem, liquid biopsy has raised as the “new ambrosia of researchers”
as it could help clinicians to identify both prognostic and predictive biomarkers in a more

accessible way (10,11).

THE IMPORTANCE OF LIQUID BIOPSY IN NSCLC

Tissue biopsy is a procedure often limited by several features, including its invasiveness, the
not easy access to different tumour sites, the high intra-tumour heterogeneity, and not
ultimately the low patients’ compliance (12). Moreover, a significant number of patients are not
able to undergo rebiopsy due to their physical condition o tumour location, such as brain or

bone marrow, thus, in the last decade many new non-invasive approaches have been studied
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to overcome the aforementioned issues. Among these, liquid biopsy represents a valuable
alternative for the detection of the mutational status once it cannot be performed on tissue
samples according to international guidelines. Furthermore, a liquid biopsy can be easily
repeated at different time-points allowing to follow the tumour molecular status during the
treatment course (13). This could help clinicians to predict disease progression over time, to
identify newly acquired molecular alterations and to observe how all these characteristics

correspond to patient’s status.

Nowadays important efforts in molecular profiling of the tumors are allowing to develop new
technology that permits to analyze the tumor characteristics in peripheral blood. Accordingly,
the liquid biopsy refers to the analysis of components that can be isolated and analyzed from a
blood sample as, circulating tumor cells (CTCs), cell free circulating DNA (circulating tumor
DNA, ctDNA) and exosomes (a part of the secreted micro-vesicles) (14-16). In this regard,
CTCs have been demonstrated to be good predictors for risk of metastatic progression, to
monitor the response of an undergoing treatment, or to identify new targets and resistance
mechanisms (17). On the other hand, ctDNA the most used component of the liquid biopsies,
is now being studied as possible biomarker and prognostic factor in cancer, although it is still
difficult to standardize (18-21).

Nevertheless, the ultimate techniques developed in the field of sequencing and DNA
amplification such as Next Generation Sequencing (NGS) and digital droplet PCR (ddPCR)
are transforming the molecular profiling of the tumor in a fast, easy, reliable and affordable
manner (22-25).

The field of study of this thesis is the least known member of liquid biopsies. Exosomes are
one of the most promising tools of liquid biopsies and they will be described and discussed in

the chapter three.
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EXOSOMES

Exosomes are small nanovesicles, in a range between 30 to 150 nm. Were first describe in
1983 in two paper published simultaneously (1,2) . Exosomes are exocytosed by every cell in
a constitutive manner, however, it has been demonstrated that tumour cells release higher
amounts of exosomes than healthy ones and they can be found in different body fluids such as
blood, semen, or ascites.

When discovered, exosomes were considered the garbage bags where the cells ousted the
undesired components from themselves, however it has been demonstrated the implications
of the exosomes in different functionalities of the tumour such as, immunomodulation (3) , pre-
metastatic niche formation (4) , tumour growth (5) , treatment resistance mediation (6) and
more recently, exosomes mediated drug expulsion (7) . Moreover, exosomes have been
described to content messenger RNA (MRNA), microRNAS (miRNAs), double-stranded DNA
(dsDNA) and proteins that could serve as diagnostic, predictive and prognostic biomarkers for
the different tumours. More importantly, if exosomes are understood as horizontal cell
communicators between cells, their content could mirror the one from the cell of origin; giving

rise to a new and accessible source for tumour profiling analysis.

Extracellular vesicles such as exosomes accomplish a wide number of vesicles differing in
size, origin and composition. Apoptotic bodies are big size vesicles ranging from 1000 to 5000
nm, smaller, macrovesicles can be found ranging from 200 until 2000 nm, and in the small
spectrum exosomes can be found ranging between 50 and 200 nm (8) . However, due to their
common multivesicular body origin, all exosomes have a common profiling that allows their

identification, based on different membrane proteins such as ALIX, TSG101 and CD63.

Different methods for exosomes isolation have been successfully used. The most common
methods are ultracentrifugation and sucrose density-gradient ultracentrifugation or exosomes
immunoprecipitation. However, recently new isolation methods have been used such as
extracellular vesicle array or immunobeads precipitation (9,10) . Both methods are based on
antibodies recognition. Many other exosomes isolation kits have been developed recently

based on filtration columns (11) .
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Figure 1. A) Schematic picture of the content of an exosome. B) Diagram showing the
principal proteins of the exosomes. Adapted from “Tumor cell-derived exosomes: a message

in a bottle.”. Kharaziha P. et al.

EXOSOMES BIOGENESIS AND TRAFFICKING

Originally, exosomes were thought to be released directly through fusion with the plasmatic
membrane. However, was not until the 80s when it was described the existence of an
intracellular endosome, that leaded to the formation of a multivesicular body (MVB), that later,

could release exosomes through fusion with the plasma membrane (2) .

The Endosomal Sorting Complex Required for Transport (ESCRT) was firstly described to
control the exosomes formation inside the MVB. It consists in four main complexes with other
auxiliary proteins. The ESCRT-0 controls the cargo clustering in a ubiquitin dependent
manner. The ESCRT-I and Il induce the bud formation in the MVB and the ESCRT-IIl induce
the vesicle scission from the MVB membrane. The auxiliary VPS4 protein is in charge of
recycling the ESCRT machinery (12) (Fig. 2). Until recently, the ESCRT mechanism was the
only known to induce the exosomes formation, however, in the last years; many articles have
been published demonstrating alternative pathways for the exosomes formation ESCRT-
independent. These mechanisms include proteins known to be present in the exosomes. The

cholesterol has been described to induce the vesicles secretion in Flotillin-2 dependent
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manner (13) . The phospholipase D2 (PLD2), increase the production of the intraluminal
vesicles in the MVB through the increase of the inward curvature of the MVB membrane (14) .
Moreover, different tetraspanins have been demonstrated to have any active role in the mRNA

and protein cargo sorting in the exosomes (15,16) .

Once the exosomes are in the luminal space of the MVBs, SNARE family, and concretely,
VAMP-7 could be enhancing the membrane fusion between the MVBs and the plasma
membrane. However, the inhibition of the proteins from the SNARE family does not result in
the complete depletion of exosomes secretion, suggesting other proteins could play this role
(17,18) . Finally, the exosomes secretion is mostly inducing by proteins from the RAB family
such as RAB27a and RAB27b (19) .

xtracellular space
Cytoplasm

O ESCRI0 &~ body (MVB)

@ ESCRTI
@D ESCRTI
@ ESCRTH

V'V mRNA

Figure 2. Detailed process of exosomes formation from the early endosome to the exosome’s

recreation. ESCRT, endosomal sorting complex required for transport.
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PLEIOTROPIC ROLES OF EXOSOMES

In recent years, more and more studies are ongoing with regard to the function of exosomes
and their application for tumor detection and treatment and several reports have demonstrated
that exosomes can play pleiotropic roles affecting pivotal aspects of tumor development and
growth (Fig. 3). For instance, exosomes derived from prostate tumor cells act in a paracrine
fashion inducing a reprogramming of cell metabolism and enhancing of cell proliferation (20) .
The fusion gene TMPRSS2: ERG and EGFR, both related with advanced prostate have been
described inside the exosomes (21,22) . Cells from renal carcinoma are able to release
exosomes containing some MiRNAs and other RNAs that transform normal endothelial cells
into an activated angiogenic phenotype and directing towards lung cancer metastasis (23). In
other studies, it has been demonstrated that exosomes derived from highly metastatic
melanoma cells promote the pre-metastatic niche formation through the education of the bone
marrow and by reprogramming its progenitor cells to a pro-vasculogenic phenotype (24). On
the other hand, another described role of exosomes in breast cancer and multiple myeloma is
the ability to promote drug resistance through horizontal transfer (25,26). Exosomes are also
involved in the creation of a pro-inflammatory microenvironment that promotes tumor growth
by means of immunological proteins such as MHC-Il, CD40 and CD40L. In breast cancer
exosomes containing 27-Hydroxycholesterol (27-OHC), a lipid associated with proliferation
and metastasis in estrogen receptor positive (ER+) tumor cells, open a new window to
understand how exosomes genesis is achieved and its correlation with the content of the cells
of origin (27). Other studies performed in exosomes derived from ovarian cancer cell lines
show that exosomes can carry functional proteins that reprogram cell metabolism of the cell
enhancing the pentose phosphate pathway that is crucial for resisting oxidant injury and

favours tumor survival (28,29).
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Figure 3. Pleiotropic roles of exosomes

EXOSOMES AS MARKERS FOR NON-SMALL CELL LUNG CANCER

One of the most attractive aspects of exosomes research is the discovery of novel biomarkers
for the early and improved detection of lung cancer (30). The content of the exosomes has
been widely described in different tumours. Micro RNAs (miRNAs) are probably the most
studied molecules inside the exosomes. Among miRNAs, miRNA-21 have been widely
described in NSCLC exosomes, and its impact in other malignancies has been described in
several reports related with tumour growth in both haematological and solid malignancies, for
example, in diffuse large B-cell lymphoma the AKT signalling pathway is constitutively
activated due to the over expression of miR-21 that leads to the suppression of forkhead box
protein O1 expression and the downregulation of PTEN expression, leading to a poor
prognosis of the disease (31,32). Regarding the solid tumours, breast cancer and colorectal
cancer have been demonstrated to upregulate miR-21 in advanced stages leading to a poor
prognosis of the disease and high risk of metastasis (33,34). Also, messenger RNA has been
described in the exosomes also as a possible predictive biomarker that could help to improve,
in a non-invasive way, the treatment choice and to predict the resistance before clinical
significances appear (35). Many proteomic studies have been performed in different tumours

inside the exosomes with successfully results, being able to create protein profiles with
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diagnostic and prognostic functions, and also to identify exosomal proteins that can play key
roles in the receptor cells (35,36). In the last years and since the discovery of the exosomal

dsDNA in 2014 (37) , the studies on the field has increased exponentially.

Many correlations have been found between tissue biomarkers and exosomal biomarkers in
different tumours opening the door to improve our detection of diagnostic, predictive and
prognostic biomarkers. Although none has been yet validated for NSCLC analysis, in the
following paragraphs the main advances and most promising markers will be described. A

summary of all the markers described can be found in Table 1.

microRNA

MicroRNAs (miRNAs) are small non-coding RNAs. They are recognized to regulate a number
of genes by binding to the 3'UTR of their target mRNA, resulting in the alteration of the
targeted gene expression. A single miRNA can influence multiple genes in a single cell. The
utility of miRNAs for cancer study has been largely described. Unlike circulating miRNAs,
exosomal miRNAs are protected from the degradation by RNAse in the blood torrent (38), thus
mMiRNAs could serve as a useful tool in three fields of study; diagnostic of NSCLC, prognosis

against a treatment and risk of resistance after a therapy.

The first group of miRNA was described to be useful to predict NSCLC over healthy patients
by Rabinowits et al. in 2009, it consists of 12 miRNAs, miR-17-3p, miR-21, miR-106a, miR-
146, miR-155, miR-199, miR-192, miR-203, miR-205, miR-210, miR-212 and miR-214, which
were present in NSCLC both in tissue and in circulating exosomes being their levels non-
detectable in healthy donors . In the same paper, they described that the miRNA levels inside
the exosomes derived from NSCLC were higher compared to those from healthy donors (39).
Cazzoli et al. were the first groups to develop 2 miRNA profiling, one for screening based on 4
mMiRNAs, miR-378a, miR-379, miR-139-5p and miR-200-5p, and one for diagnosis based on 6,
miR-151a-5p, miR-30a-3p, MmiR-200b-5p, miR-629, miR-100 and miR-154-3p, both extracted
from a wide analysis of 746 miRNAs analysed on a training set of 3 groups; Lung
Adenocarcinomas; Lung Granulomas; healthy former smokers. These profiles were confirmed
in a validation set of 50 patients. In the case of the screening test the sensitivity was 97.5% for
72% specificity and an AUC value of 0.908 while the diagnostic test exhibited a sensitivity of
96% for 60% of specificity with an AUC value of 0.76 (40). More recently, Jin et al. has
developed a miRNA profile based on 4 miRNAs, let-7b-5p, let-7e-5p, miR-23a-3p, and miR-
486-5p that exhibited sensitivity of 80.25% and a specificity of 92.31% with an AUC value of

20



0.899 being able to diagnose 43 NSCLC over 60 samples. In the same paper, levels of miR-
181b-5p and miR-361b-5p, as well as miR-10b-5p and miR-320b were used to identify among
the 43 patients 31 adenocarcinoma patients and 11 squamous cell carcinoma (SCC) patients
respectively. The miRNA for adenocarcinoma and SCC diagnosis showed an AUC value of
0.936 and 0.911 respectively with a sensitivity of 80.65% and a specificity of 91.67% for
adenocarcinoma and a sensitivity of 83.33% and a specificity of 90.32% for SCC (41).

One of the big problems of NSCLC is the high rates of progression and recurrence of the
patients; thus, tools to predict this behaviour are needed to improve the medical treatment
choices in the clinic. Many miRNAs have been reported to be differentially expressed in
situations where the tumour is progressing before it is a detectable under Computerize
Tomography Scan (CT).

The downregulation of the miRNA-146-5p is indicative of a poor progression free survival
(PFS) compared to those patients with higher levels of the miRNA inside the exosomes.
Moreover, its levels are correlated to the chemosensitivity of the tumour to Cisplatin mediated
through the blockade expression of Atgl2, an autophagy mediator gene (42). In another study
with 10 lung cancer patients and 10 healthy controls, 83 cancer-related miRNAs were
analysed. After informatics analysis, 9 miRNAs were differentially expressed and validated in a
subset of 209 NSCLC patients. From those, miR-23b-3p, miR-10b-5p and miR-21-5p were
validated as upregulated miRNAs in NSCLC compared to healthy controls. Separately, the 3
miRNAs showed significantly low overall survival in those patients with higher levels of the
miRNA in their exosomes compared to those with low levels. Moreover, the 3 miRNAs model
improves the AUC value from 0.88, from only the clinical variables, to 0.91 analysing both the
mMiRNAs expression and the clinical variables such as sex, or tobacco consumption (43).
Exosomal miRNA has been described also to play a role in the predictive response to a
treatment as it has been explained before with the miRNA-146-5p (44). Two other independent
studies show that upregulation of miR-1246 and miR-208-a is correlated with a high
proliferation of the tumour and a resistant profile to radiotherapy by targeting the genes DR5
and p21 respectively. This could lead not only to a prognostic biomarker but to a new target
against NSCLC (44,45). The miR-21 and miR-4257 were found among a subset of patients
with recurrence after surgery, without recurrence and healthy donors. These results were
validated in 201 cases with an upregulation of 2.5 and 2.9-fold of increase respectively
between recurrence patients and healthy donors. Moreover, it was demonstrated that the
disease-free survival- similar to PFS-, was lower in those patients with high expression of both
mMiRNAs- considered high more than the mean of the expressions-. They described also the
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correlation of the over expression of miR-21 with the tumour size and TNM stage, and the
correlation between de levels of miR-4257 and lymphatic node invasion, histological type and
TNM stage (46).

One of the problems of the research and analysis of exosomes is the amount of material
available. In another study, exosomes isolated from H1299 (NSCLC cell line) and Beas-2b
(bronchial-epithelial cell line), and isolated from mouse with H1299 after surgery, some being
recurrent and some not. The authors faced a very low-positive amplification rate due to the low
amount of extracted RNA, and high variability between replicates and groups. However,
despite the low amplification rates, the authors showed that miR-21 and miR-155 may be
upregulated in the group of mice recurrent after surgery in comparison with primary tumour
mice (47).

One of the most significant papers regarding the utility of miRNA inside the exosomes has
been recently published by Qin et al. They described that miR-100-5p is downregulated in
exosomes derived from A549 resistant to Cisplatin (A549/DDP) in comparison with A549 wild-
type. However, they saw that exosomes derived from A549/DDP were able to transfer
Cisplatin resistance mediated by the binding of miR-100-5p to the 3' UTR of mTOR gene.
Same experiments were performed in vivo with mice inoculated in different conditions of
exosomes derived from A549, A549/DDP and inhibitors and mimics of miR-100-5p being the
mice with exosomes of A549/DDP transfected with miR-100-5p control mimic they group with

a higher tumour growth, lower levels of miR-100-5p and higher levels of mMTOR (48).

Contrary to what it has been shown in this review, some papers have demonstrated a negative
correlation between tissue and exosomal miRNA levels. Our group published an abstract with
a follow up analysis of patients during Osimertinib treatment, a third-line tyrosine kinase
inhibitor. The treatment lead to an upregulation of oncomiRs (hsa-miR-221-3p/222-3p) in
exosomes isolated from patient’s plasma respect to healthy control. However, the upregulation
was correlated to a good clinical outcome suggesting that some these two miRNAs may be

pump out of the cell due to the treatment (49).

All these studies suggest that exosomal miRNA varies their composition depending on their
cellular origin being able to differentiate between NSCLC subtypes, and due to their stability
and the stability of their content they may be perfect candidates for the diagnosis, or prognosis
of NSCLC (40-42,47).
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Exosomal protein

Exosomes can be considered as potential tools for tumour diagnosis and prognosis. These
stable vesicles, contained in the blood stream, are tumour specific and protected from
degradation by a lipid bilayer membrane. Recent studies identify the proteome of cancer
exosomes; proteomic analyses show that several proteins are enriched in exosomes. These
proteins are involved in exosome biogenesis, membrane transport and fusion and in various

steps of tumour progression such as metastasis, angiogenesis and immunomodulation (50).

According to the database Exocarta (http://www.exocarta.org)], 9769 proteins have been
identified in exosomes. Some exosomal proteins can mirror producer cells and pathological
stage of disease (50). Moreover, some of these proteins play a key role in tumorigenesis.
These features qualify exosomal protein as good diagnostic and prognostic potential

biomarkers in lung cancer (51).

Lung cancer exosomes contain several tumours associated proteins, such as EGFR, KRAS,
extracellular matrix metalloproteinase inducer (EMMPRIN), claudins and RAB-family proteins.
CD91, CD317 and EGFR have been suggested as potential exosomal markers in NSCLC.
Exosomal EGFR is one membrane-bound proteins that have been evaluated in NSCLC (52).
Specifically, Huang et al. found that 80% of the exosomes isolated from NSCLC biopsies
were EGFR positive (53).

Recently, it was tested exosomal proteins differential expressed in normal bronchial epithelial
cellsand NSCLC cells using a triple SILAC quantitative proteomic method. They found
that NSCLC exosomes are enriched in proteins involved in cell signalling, cell adhesion
extracellular matrix remodelling. They identify and quantify 721 exosomal proteins derived
from three cell lines. Among the proteins associated with signal transduction, enriched in
NSCLC exosomes, EGFR and SRC are upregulated as well as downstream effectors such as
GRB2 and RALA. Moreover, it was demonstrated that MET receptor, RAC1, and KRAS

proteins were increased in NSCLC exosomes (54).

Furthermore, Sandfeld-Paulsen demonstrated that in a cohort of 276 non-selected NSCLC
patients of all stages, it was evaluated 49 exosomal membrane bound proteins and found that
nine proteins have a potential as prognostic markers in NSCLC. In particular, they indicate that
increasing concentration level of NYESO-1, EGFR and PLAP are prognostic markers of poor
prognosis (55). Proteomic analysis of exosomes isolated from human malignant pleural

effusions demonstrated that these vesicles contained MHC class | and Il proteins, heat shock
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and cytoskeletal proteins, and signal transduction—involved proteins. These proteins have

already been reported as constituent of exosomes from other origin.

Exosomes from malignant pleural effusions contain peculiar proteins, such as Sorting-nexin
(SNX) family, a group of hydrophilic proteins involved in the intracellular trafficking of proteins
to different organelles. Acidic ribosomal phosphoproteins, from the 60S subunit of ribosomes,
interact with elongation factors EF-1 and EF-2 and play an important role in the elongation
step of protein synthesis. The presence in exosomes of proteins involved translation in may

also be explained by their high concentration in the cytosol of cancer cells (56).

Nowadays, in the field of the biomarker discovery, the methodology that focuses only on a
single exosome-protein has been overtaken that multiple protein markers panel (8). In
particular, Jakobsen and colleagues used an extracellular vesicle array with 37 antibodies to
capture exosomes directly from the plasma of NSCLC patients, the result indicated that
the sensitivity, specificity and diagnostic accuracy of combined 30-marker model (57). A recent
study used the extracellular vesicle array with 49 antibodies. Among the 49 exosomal proteins,
CD151, CD171, and tetraspanin 8, have been considered the strongest markers to identify
lung cancer of all histological subtypes from the control. It could important not only to evaluate
protein profiling of exosomes from different lung cancer stage and histology, but also as

potential diagnostic tool for lung cancer (58).

RNA & DNA

Due to the difficulties working with exosomes, it has not been until recent years with the
improvement in the sensitivity of the techniques and the discovery of the high throughput
technologies, such as NGS, that exosomal RNA and DNA may become a real alternative to

the tissue analysis.

Our group has recently described for the first time the ALK-EML4 translocation inside the
exosomes with a sensitivity of 64% and a specificity of 100% over a subset of 17 patients
being 14 positive and 3 negatives compared with tissue from the same patients (59). Just few
months earlier, Krug, et al. detected for the first time RNA transcribed from the EGFR gene, in
a study comparing the analysis of ctDNA for EGFR mutation with a combined analysis of
ctDNA together with exosomal RNA presenting a better sensitivity for all the analysed

mutations (60).
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In 2014, Thakur et al. described for the first time the presence, inside chronic leukaemia,

human colorectal carcinoma, and murine melanoma derived exosomes of dsDNA over other

forms of DNA. However, the presence of exoDNA inside the lung cancer derived exosomes

was lower than the in other tumours. To conclude the research, the authors performed an

analysis of exosomal EGFR in 4 NSCLC cell lines with the objective of detecting mutations

known to be present in those cell lines. The results showed that 100% of the exoDNA analysis

were positive for the corresponding mutation (61).

ExoDNA may lead to improvements in the sensitivity and specificity of detecting tumour

alterations that will prove useful in the clinical setting in the analysis of driver mutations (62).

Moreover, their stability and abundance make them very good candidates over other liquid

biopsy compartments exposed constantly to the conditions of the blood stream.

Sensitivity (%)/
Molecule Utility Specificity (%)/ AUC | Reference
Value

miRNA

Diagnosis
mMiR-17-3p, MiR-21, miR-106a, miR-146,
miR-155, miR-199, miR-192, miR-203, NA* (29)
miR-205, -miR 210, -miR -212, miR -214 NSCLC Vs

Healthy Donors
mMiR-378a, miR-379, miR-139-5p, miR- )

Screening Panel 97.5/72/0.908
200-5p

(30)
miR-151a-5p, miR-30a-3p, miR-200b-5p, | )
] ) ] Diagnostic Panel 96/60/0.76

miR-629, miR-100, miR-154-3p

Diagnostic Panel
let-7b-5p, let-7e-5p, miR-23a-3p, mMIR- 80.25/92.31/0.899
486-5p NSCLC Vs ' ' '

Healthy Donors (31)

miR-181b-5p, miR-361b-5p

miR-10b-5p, miR-320b

ACC

Vs

80.65/91.67/0.936

23.3/90.32/0.911
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SQQ
Poor PFS
miR-146-5p NA (32)
Chemo sensitivity
miR-23b-3p, MiR-10b-5p, miR-21-5p
+ Poor survival NA/NA/0.91 (33)
Clinical Variables
miR-1246 Progression NA (34)
miR-208 Radiosensitivity NA (35)
miR-21, miR-4257 Poor PFS NA (36)
miR-21, miR-155 Recurrence NA (37)
. Cisplatin
miR-100-5p _ NA (38)
resistance
] . Osimertinib
miR-221-3p, miR-222-3p ) NA (39)
prognosis
Proteins
EGFR Diagnosis NA (42,43)
EGFR, SRC, GRB2, RALA NA NA (44)
NYESO-1, EGFR, PLAP Poor prognosis NA (45)
CD151, CD171, Tetraspanin 8 NA
Diagnosis (47)
30 protein panel 75/76/0.83
RNA
ALK-EML4 Diagnosis 64/100 (49)
EGFR Diagnosis NA (50)
DNA
EGFR Diagnostic NA (51)
Table 1. Summary of the predictive exosomal components described until now, including their

utility and their values represented by sensitivity, specificity and AUC if possible.
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DISCUSSION AND FUTURE PERSPECTIVES

Exosomes is a relatively new field of study; thus, no established protocols are available for
their isolation or analysis. However, and despite the lack of consensus about how to work with
exosomes, many groups are publishing interesting researches on the field. These facts
demonstrate that although there is still a long way to run in the understanding of exosomes
and their functions, exosomes can play a role not only in the diagnosis and prognosis of
cancer, but can help us to understand the mechanisms of the cancer, to elucidate new targets

even to function as specific drug deliverers.

We have already written about the miR-100-5p described by Qin et al. In this case, miRNA
does not play only a function of prognosis biomarker but induces a change in the receptor cell
producing an increase in the resistance to Cisplatin (48). Similar results were described by
Yanfank et al. They saw that the upregulation of the gene TLR3 increase the cytokine
production leading to pre-metastatic niche formation and metastasis. However, they saw that
the activation of TLR3 in the lung epithelial cells was produced by exosomes derived from the
tumour, and concretely, by different U1 snRNA presented in very high concentrations,
compared to non-tumoral derived exosomes (63). This means, that exosomes do actually play
a function in the tumour progression and metastasis leading to new molecules that can be

targeted in order to stop the tumour development.

Exosomes mirror the lipid bilayer present in the cells due to their exocytic origin, and, due to
the same reason, they would be able to carry surface proteins and fuse with the membrane of
the receptor cell to release their cargo, and due to their stability, they would be able to carry
molecules of interest without risk of alteration or degradation (64). Based on this idea a Phase
| immunotherapeutic study was carried on using Dendritic cell derived exosomes (DEX) loaded
with Melanoma associated antigen (MAGE), the results showed a good NK reactivity with low
side effects (65). In another study, it was analysed the effect of a second generation DEX
coupled with chemotherapy showing a better activation of T cells compared to normal DEX
resulting on a better control of the tumour (66). Very few research have been done in this field,
but due to the autology on the use of DEX, it is easy to think that the side effects derived from
an adjuvant therapy based on exosomes will not exceed the side effects of the principal

therapy.
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In conclusion, exosomes are still a new field of study, where a consensus is needed to be able
to include protocols in the clinical practice as it is already established for Erlotinib and
Osimertinib in EGFR mutation detected in cfDNA. Very few is still known about how to use
exosomes as adjuvants in a therapy or as drug deliverers, however, the new technologies and
investigations are bringing these advances closer in time. Also, there is a lack of information
about how exosomes interact with other tissues in longer distances making difficult the
understanding of their function in the tumour progression and metastasis. This current review
has focused on how the exosomes can be the future of biomarkers identification for diagnostic
and prognostic of NSCLC specially miRNA and proteins, the most studied. A deeper study of
exosomes and its composition will lead to better biomarker identification and thus, an early

detection of the tumour.
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ABSTRACT

Extracellular vesicles have become a hot topic during the last years. The last discoveries
regarding their composition and functionality has made them a major field of interest in cancer
research. Extracellular vesicles, through the integrins expressed in the parental cells, are able
to be internalize in a tissue specific manner being partially responsible of the expansion of the
tumour and creation of the pre-metastatic niche formation among others. However, this
specificity might lead also to new opportunities in the treatment of the tumour by using
extracellular vesicles as containers for drug delivery. In order to further explore this topic,
protocols and methods for extracellular vesicles tracking and observation are required. Our
group has put efforts on developing a protocol for exosomes staining without
ultracentrifugation, reducing the time required for the experiment and simplifying the technical
issues of using an ultracentrifugation. In this paper, we also described for the first time a

protocol to track exosomes internalization in vivo through confocal microscopy.
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INTRODUCTION

Exosomes were first observed 50 years ago in plasma by Wolf, who mentioned them as
“platelet dust” (1). Two main types of EVs have been described based on their mechanism of
release and size: microvesicles and exosomes. Microvesicles are released directly from the
plasma membrane of living cells. In the 1980s the Stahl’'s and Johnstone’s pioneering study
showed that nano-vesicles, called exosomes, were released from maturing reticulocytes
carrying transferrin receptors. This process was considered a system to eliminate cellular
waste (2,3). After several years the researchers change the image of exosomes as “cellular
garbage collectors” to exosomes as information shuttle. Nowadays, exosomes are emerging
as superbly armed vehicles for intercellular communication (4). In this work we focus on
extracellular vesicles, group of nano-vesicles of less than 150 nm in diameter, secreted by all
cells and circulate in the body fluids. These nano-size carriers are released in extracellular
space after fusion of the multivesicular bodies (MVBs) with the plasma membrane (5,6).
Exosome membrane is a lipid bilayer containing enriched sphingomyelin and decreased
phosphatidylcholine (7). The exosomal content is heterogeneous and in a dynamic state,
depending on the parental cells and its physiological and pathological state (8). Proteomic
analyses reveal that exosomes includes endosomal, plasma, cytosolic, and nuclear proteins.
Exosomal cargoes are proteins associated with membrane transport and fusion, including Rab
GTPases and annexins, as well as proteins involved in exosome biogenesis (ESCRT complex,
ALIX, TSG101), tetraspanins (CD63, CD9, and CD81) and other enzymes (9,10). Exosomes
also contain genetic material such as mRNA, long noncoding RNA, microRNA (miRNA) and
double-stranded DNA. A growing number of the papers report that tumour derived-exosomes
have a key role in tumorigenesis, tumour growth, angiogenesis, metastasis, tumour immune
escape and drug resistance. These vesicles are also involved in the intercellular
communication between cancer cells, endothelial, stromal cells and cancer-associated
fibroblasts (8). Cell-to-cell communication has a crucial role in different steps of tumour
progression; the communication network that exosomes create is tumour-driven and promote
tumour progression, metastasis by silencing anti-tumour immune responses or by altering
stromal cell responses, supporting new vessel growth or promoting survival of tumour cells
(11,12). Both direct and indirect evidence suggest that exosomes are internalized into recipient
cells; exosomes transfer functional molecules from donor to target cells. Although some
models of exosomes internalization by target cells have been proposed, there is not a
consensus about the mechanisms. The first papers on EV internalization propose interaction

with recipient cells through receptor-ligand binding (13), direct fusion with the plasma
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membrane (14,15) or phagocytosis (16). Other models reported the mechanism of exosomal
uptake via energy-dependent, receptor-mediated endocytosis (17,18) or micropinocytosis
(19,20). Heusermann et al (2016) reported that exosomes enter into the cells as intact vesicles
surfing on filopodia to sort into endocytic hot spots, traffic within endosomes, and are targeted
to the endoplasmatic reticulum (21). It was also demonstrated that cellular uptake of
extracellular vesicles is mediated by clathrin-independent endocytosis and micropinocytosis
(22). Recently, Schneider and colleagues showed that alveolar macrophage-derived EVs were
internalized by alveolar epithelial cells in a time-dose-and temperature-dependent manner.
The uptake was dependent on dynamin and actin polymerization. It was neither saturable nor
dependent on clathrin or receptor binding. Internalization was improved by extracellular
proteins, but was inhibited by cigarette smoke extract via oxidative disruption of actin
polymerization (23). Taken together these data indicate that exosomes internalization is not a
passive process (24) and different kind of cells can internalize exosomes with a specific

mechanism.

Actually, exosomal subcellular fate within recipient cells and their mechanisms of cargo
release remains mysterious. It is unclear how cargo delivery arises inside cells, but it is
possible that either a transient ‘kiss-and-run’ fusion event or full fusion between the EV and
endosomal membranes might deliver cargo into the cytoplasm before lysosome fusion with

subsequent degradation of cargo (25).

The last years many studies have described exosomes internalization in confocal microscopy,
however, still nowadays there is no consensus on how to perform these experiments, leading
to difficulties and different results. In this work, we aim to standardize a protocol for exosomes
visualization through different techniques, and to improve the staining of the EVs through the
optimisation of a known protocol in order to make it less time consuming, showing the results
in different microscopes. Moreover, we describe for the first time a protocol to observe

exosomes trafficking and internalization in living cells.
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Exosomes preparation

The exosomes used in the experiments were isolated from cell culture media from the CRL-
5908 cell line, a lung cancer cell line with a mutation in EGFR that confer resistance to
Erlotinib and Gefitinib treatments. Cells were plated at a concentration of 25000 cells/cm? in
RPMI-1640 L-Glutamine (Gibco. Ref 11875-093) supplemented with 10% FBS, 1% Pen-Strep,
1% L-Glutamine. After 24h of incubation, when the cells attached to the bottom, the medium
was removed, and the cells were cleaned with PBS. 40 mL of exosomes depleted medium
were added and incubated for 24h. This conditional medium was collected and centrifugated
at 500g x 5, 3000g x 15’ at 4 °C, followed by a slow ultracentrifugation of 10000g x 30’ in
Quick-Seal® Polypropylene tubes (Beckman Coulter, Ref. 342414) where the medium was
collected and ultracentrifugated at 100000g x 1h 45’ in Quick-Seal Ultra-Clear tubes (Beckman
Coulter, Ref. 344326) both in a 70ti Rotor. The pellet of each tube was resuspended in 40 uL
of PBS and its concentration was measured by Pierce™ BCA Protein Assay Kit (Thermo

Fisher. Ref 23225) and exosomes were stored at -20 °C until being used.

Scanning electron microscopy

One of the problems in the workflow with exosomes is the isolation protocols. Although new
methods are being explored based on membrane protein markers, the gold standard for its
isolation is still the ultracentrifugation. Membrane affinity-based isolation has been
implemented in standardize kits such as ExoEasy and could represent a fast and reproducible
technique for the implementation of future protocols in the clinic. For this reason, we analysed
3 different conditions in the electron microscopy, single ultracentrifugation protocol, double
ultracentrifugation protocol, coupling the protocol described above with a second
ultracentrifugation where the tubes were filled with PBS, and a third isolation protocol with
ExoEasy Maxi Kit (Qiagen. Ref 76064) coupling the 10000g x 30’ centrifugation with the

protocol of the Kkit.

After isolation, exosomes were fixed with 2.5% glutaraldehyde in phosphate buffered saline
(PBS) for 10 minutes. [1] Then the solution was attached and dried on stubs. In order to inhibit
charging and to improve the secondary electron signal, a 15 nm conductive gold layer was

deposited by sputter coating. This procedure allowed the visualization of exosomes.
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Secondary electron SEM images of the exosomes were acquired using a FEI Quanta 250

FEG environmental scanning electron microscope. The microscope was operated at 30 kV.

The double ultracentrifugation protocol produces a very pure exosomes precipitation. Vesicles
with a diameter between 70 nm and 193 nm are observed in the images, with a very low
guantity of protein aggregates, crystals or residues derived from the cell culture media (Fig
la), based on the SEM images the average diameter could be determined (Fig 1b). This
image is completely opposite to the one observed in the single protocol ultracentrifugation
where impurities derived from the cell culture, protein aggregates and crystal precipitates were
observed making it impossible to detect exosomes in the image (Fig 1c). Some impurities
were found on the samples isolated through exoEasy kit, mainly homogenous salt precipitates
along the sample (Fig 1d). However, spherical particles with a size correlated with the
exosomes and with a good purity were clearly observed.
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Figure 1. Scanning electron microscopy. (a) Exosomes isolated through double
ultracentrifugation are observed. (b) Results of single ultracentrifugation at electron
microscopy levels. The blue arrow points the protein or salt aggregates(c) Diagram showing
the diameter of exosomes (nm) separated in its frequency with a peak on 100 to 140 nm. (d)
Electron microscopy analysis of exosomes isolated with ExoEasy Kit.
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Microscopic analysis

Nowadays exosomes are becoming a hot topic in cancer research. Its stability allows them to
contain protein and genetic molecules such as double stranded DNA, messenger RNA and
miRNA among others. However, in the last years, exosomes have started to be studied as
functional elements in the progression of the cancer. Exosomes have been described to play
pleiotropical roles in the cells where they are internalized (26). Regarding the internalization,
there is still not a consensus on the best method to stain exosomes successfully and how to

visualize internalization.

With this purpose, sterile coverslips were placed in 24 well plate and treated with 0.1%
gelatine diluted in sterile water for 45 minutes at 37 °C. In each well, 50000 CRL-2868 cells
were plated for 24 hours. Both 20 and 50 pg/ml of exosomes were incubated with PKH26
(Aexc 551 nm Aem 567 nm) (Sigma-Aldrich. Ref PKH26GL-1KT) and PKH67 (Aexc 490 nm
Aem 502 nm) (Sigma-Aldrich Ref PKH67GL-1KT).

Both colorants used for the exosomes are lipophilic colorants, and optimization of the original
protocol was required prior its use with cells to get a perfect exosome staining without uptake
by the cells. We prepared a dilution 1:100 of the dye in the diluent and mixed with 70 ug of
exosomes diluted in PBS at the same volume as the final volume of colorant to have a 1:1
ratio of exosomes/colorant. The suspension was incubated at room temperature for 10
minutes and centrifugated at 14000g for 10 minutes at 4 °C. The pellet is washed in PBS to
avoid free colorant in the suspension and to eliminate the excess of colorant in the exosomes
membrane. This step must be repeated at least twice, or until the supernatant is transparent
after the centrifugation. The staining of the exosomes must be done maximal 3 hours prior to

the treatment.

Cells were fixed with 4% paraformaldehyde for 1 hour. After permeabilization with Triton X-100
for 3 minutes, cells were stained with SiR-actin (100 nM, SiR-actin; Aexc 640 nm Aem 705 nm;
Cytoskeleton Inc CY-SCO001). Nuclei were visualized using VECTASHIELD Antifade Mounting
Medium with DAPI (Vector Laboratories. Ref H-1200). To obtain detailed images of
intracellular exosomes labelled with PKH26, confocal recordings were made using a Leica
TSC SP8 scanning laser confocal system (Leica Microystems, Wetzlar, Germany), attached to
a DMI8 inverted microscope and equipped with a 405-diode laser and a white light laser. On
the white light laser, excitation wavelengths were set at 551 nm and 645 nm for the excitation
of exosomes and SiR-actin respectively. DAPI staining was visualized by the 405-diode laser.

An AOBS was used to select the corresponding emission spectra, i.e. 410 nm — 460 nm for
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DAPI 560 nm — 640 nm for exosomes - PKH26, 658 nm — 783 nm for SiR-actin. The signal of
the exosomes - PKH26 was detected using a classic PMT detector, while the DAPI and SiR-
actin were visualized by a Hybrid or HyD detector in standard mode. Recordings were
performed using a 63x water immersion objective (N.A. 1.2) and a pinhole of 1 AU (Airy Unit).
Images were taken with a pixel size of 1024 x1024. Pixel saturation was prevented by
adjusting the laser intensities and amplifier gains of the detectors. To avoid cross-talk between
the three fluorophores image acquisition was performed sequentially. For each recording a z-
stack was taken. Maximum intensity projections were obtained via the Leica TSC SP8
software. All detectors use grey levels, and thus the colours observed are pseudo-colours.
High magnification images of exosomes labelled with PKH67 were recorded as described in

the next paragraph for live cell imaging.

Contradictory, cells incubated with 20 pg/ml of exosomes stained with both colorants (Fig.
2.a.1 and 2.b.1 & .2) showed a much higher proportion of exosomes in the cells compared
with the cells incubated with 50 ug/ml (Fig. 2.a.2). Both exosomes colorants give a good signal
under the confocal microscope, even after 12 hours of exosomes staining, however, it seems
that exosomes stained with PKH67 provides a better intensity and contrast than those with
PKH26.

Live cell imaging

It is well known that exosomes are internalized by different cell types, and that this
internalization can depend on exosomal membrane proteins, on direct membrane fusion, or on
endocytic processes. However, the relative contribution of these mechanisms in different cell
types are still unclear. Their elucidation could enhance the study of exosomes as biological
drug carriers (27), or the study of specific exosomes uptake blockade to avoid pathological
process like angiogenesis or metastasis. To help to the clarification, our group has put effort

on developing for the first time a protocol for imaging of exosomes internalization in living cells.
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Figure 2. Confocal microscopy. (a) Confocal cell imaging of cells treated with exosomes
stained with PKH26 at 20 and 50 ug/mL. EV-PKH26 - SiR Actine - DAPI (b) Confocal
imaging of cells treated with PKH67 staining exosomes, at a concentration of 20 ug/mL and 50
ug/mL (not shown). EV-PKH67 — SiR Actine — DAPI
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For live imaging of exosome uptake and intracellular mobility, CRL-2868 cells were grown in
96-well plates with chimney wells (Greiner uClear 655090) at a density of 2000 cells per well in
duplicates for 24 hours prior exosomes incubation. Exosomes were labelled with PKH67 as
described above. Five hours prior to imaging, cells were incubated with 20 pug/ml of stained
exosomes diluted in RPMI-1640. To allow robust identification of nuclei and cell contours, the
cultures were incubated with the membrane-permeable dyes Hoechst 33342 (final
concentration 10 pg/ml, ThermoFisher H3570) and SiR-actin (final concentration 100 nM,
Cytoskeleton Inc CY-SCO001) for 30 min at 37 °C one hour before starting the image
acquisition. The acquisition of the images started 5 hours after the plating of the exosomes
with the cells. The timing was based on previous experiments of internalization carried by our
group (data not shown). However, as it is well known, the time of internalization may vary

depending on the cells of origin and recipient cells.

Microscopic imaging was performed on a dual spinning disk confocal microscope (UltraVIEW
VoX system with Volocity software, PerkinElmer, Seer Green, United Kingdom) at 37°C and
5% CO2 in growth medium. A water immersion objective (60X, NA 1.2, Plan Apochromat) was
used to acquire images at high resolution. The motorized stage was programmed to visit
multiple locations in different wells with intervals of 5 minutes per location. Areas were
selected based on the following criteria: isolated cell, edge of group of cells, and centre of big
groups of cells. At each location and time point, the Z-focus was determined by means of
image autofocus in the SiR-actin channel, after which 20 Z-planes were recorded with 1 pm
spacing. For each channel (Hoechst Aexc 405 Aem 445, exosomes Aexc 488 Aem 525, SiR-
actin Aexc 640 Aem 705 nm), acquisition parameters were set to limit photodamage while
having sufficient signal-to-noise ratio during the course of an overnight experiment. Images
were exported as tiff for further analysis in imageJ freeware (Schneider et al., 2012).
Hyperstacks containing the time frames of each fluorescence channel were construed, after
which channels were merged into RGB colour frames. The resulting image stack was exported
as AVI with a frame rate of 5 frames/sec (Vid 1 & 2) and 3 frames/sec (Vid 3). Videos were

edited afterwards in order to focus more on the field of interest.

Due to the exposition, cells under the laser start to present signs of death, with malformation of
the nucleus, loose of the cellular shape, or movement stop of the cells. In the images captured
on the isolated cell, movement of exosomes is observed in the perinuclear area which become
aggregated after a short period inside the cell, moreover, a small membrane prolongation is
observed during the first seconds on the bottom of the cells (Video 1). In the case of the

composition of images captured on the edge of the growing cells, in Video 2, it is possible to
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see high concentrations of exosomes in the perinuclear area of the peripheric cells. As
described in the Video 1, exosomes seem to aggregate in the cytoplasm of the cells after long
period of incubation. More interestingly, in the Video 3, it is possible to observe the
internalization of the exosomes for the first time in live cell analysis. After 2 hours of imaging
captures, on the left area of the image, it is possible to observe cytoskeleton filopodia, from a
cell out of the area of observation, capturing exosomes that were free in the medium and

mobbing them towards the body of the cell.

DISCUSSION

Isolation methods for exosomes are still a bump in the road for exosomes workflow. Currently
exosomes isolation gold standard is the ultracentrifugation, but this method is time consuming
and require high technical skills. Moreover, as observed in Fig. 1b when only one
ultracentrifugation is performed the amount of impurities and protein aggregates is very high
making it impossible to observe any exosomes. This technique is not very suitable for
experiments where an accurate number of exosomes might be required. In these cases, a
double ultracentrifugation will provide a purer exosome suspension, but doubling the time
required for the isolation. Further studies must be performed regarding the reports of
exosomes measurements to elucidate the amount of protein contamination after different
isolation methods. Nonetheless, new standardize, simple and fast methods will be required if
we expect exosomes to be part of the clinical practice as source of biomarkers or as drug
carriers. For this reason, we performed a third isolation with exoEasy Kit from Qiagen based
membrane affinity. The suspension is free of big protein contamination and crystal
precipitates. Although effective, the kit presents some troubles regarding downstream
research, due to its elution buffer and in its implementation in the clinical practice. The elution
buffer of the kit is not replaceable apart of using an ultrafiltration column with the consequent
loss of material, making the downstream applications such as DNA analysis or Western-Blot
more difficult to perform. Moreover, the minimum elution volume for one flask of medium for a

Maxi Kit column is 400 uL, making the sample too diluted for some downstream experiments.

Different methods have been used for the staining of exosomes, however, in our experiences,
PKH colorants are the best performers for this task. Other methods described such as Calcein
AM, SYTO RNA or ExoGlow, have different problems, the lack of possibilities to eliminate the
excess of colorant is one of the most important together with the poor definition of the

exosomes in the images (28-30). To avoid this, PKH26 and 67 binds to the lipidic membrane
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of the exosomes, in short incubation time at room temperature, making the exosomes being
able to pellet at lower speeds than normal ultracentrifugation, and thus, improving the time and
the efforts spent in the staining and making possible to remove the excess of colorant from the

supernatant, avoiding possible staining of the target cell.

Among both colorants, in our experience, the PKH67, provides a better intensity under the
microscope, making the exosomes more visible without saturating the other DYEs in the
sample as shown in other publications when using PK26 (31,32). The staining of exosomes
with PKH67 requires more centrifugations and washings of the pellet, but this allows a very

good removal of the exceeding colorant allowing clearer analysis of the samples.

Exosomes are nowadays of major interest due to its functionality. Many studies are trying to
use exosomes as drug carriers due to its tissue specificity. However, in order to track the
exosomes, visualization is a key step. For the first time, we have shown a live cell experiment
for the internalization of exosomes, and we have developed a protocol to perform it. As it can
be seen in the Video 3, the exosomes are internalized through filopodia extensions from the
cell membrane. In the video, it is possible to see how the filopodia moves towards a specific
area and afterwards. Specific studies are required to elucidate the exact mechanism for
exosomes internalization, but the protocol described above can be of interest to the
community to set-up such experiments. One of the weak spots of our protocol is the time of
exposure of the cells to the laser, making them get necrotic as seen in the 3 videos, this can
be avoided by less laser power (compensated by increased detector gain), less Z-stacks or
less time resolution. Less time between images capture would be optimal since the movement
of exosomes getting into the cell, and in the cell, itself are too fast to be captured every 5
minutes. This article tries to summarize some techniques for exosomes workflow such as an
overview on its isolation, and how to proceed with a proper exosome staining and live cell
imaging internalization. Our protocol, is a good first step to detect the internalization of
exosomes inside the cells, however, further conformational studies must be done in order to
confirm the suitability of our technique in other cells or with other exosomes, to improve the
acquisition of images and reduce the toxicity for the cells, and more importantly, to elucidate

what is the mechanisms of the internalization of the exosomes in the cell.
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ABSTRACT

Lung cancer treatment landscape has completely changed in the last decade. The introduction
of druggable targets in the therapeutic scenario gave the opportunity to significantly improve
the outcomes in the most lethal malignant disease. EML4-ALK translocation represents a story
of success in drug development. The discovery of the aberration in tumours of patients with
lung cancer in 2007 soon translated into a rapid approval of the first ALK tyrosine kinase
inhibitor (TKI), crizotinib, and the subsequent early arrival of second and third generation TKis,
all happening in roughly a decade. The current standard for the identification of the target
necessarily implies identification of rearrangement in the tumor tissue either by FISH or
immunohistochemistry. Unfortunately, despite the efforts, a big number of non-small cell lung
cancer (NSCLC) patients have no tissue available for determination. The isolation of ctDNA is
a novel approach, but still not validated for EML4-ALK translocation. Exosomes, new members
of the liquid biopsy family, carrying genetic material represent an important tool for biomarkers
discovery. Our group has identified, for the first time, EML4-ALK translocation in exosomes

(ExoALK), using a Next Generation Sequencing technique.
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INTRODUCTION

Exosomes and exosomal RNA analysis in other tumours.

RNA, proteins and, lipids can be shuttled from one cell to another via small extracellular
vesicles called exosomes. Exosomes (40-100 nm sized) are constantly released from cells in
both normal and pathological status, both in culture and in vivo (such as plasma, urine,
cerebrospinal fluid, ascites, breast milk, fluid, bile, amniotic fluid, semen, saliva and sputum).
These vesicles play an important role in cell-to-cell communication transferring their content
through membrane receptors, suggesting a regulatory function in the recipient cells (1).
Therefore, they may be a new promising class of potential non-invasive diagnostic and

prognostic biomarkers in cancer.

Exosomes have different roles depending on the cells or tissue of origin as immune response,
apoptosis, inflammation, angiogenesis, antigen presentation, and dissemination of oncogenes

from cancer cells (2).

Regarding the exosomal cargo, until recently, the gold standard for cargo isolation was the
ultracentrifugation coupled with RNA, DNA or protein extractions kit, however, in the last years
some kits have been produced for direct isolation of the exosomal RNA including mRNA,
miRNA and long non-coding RNA (IncRNA).

It has been demonstrated that microRNAs encapsulated in exosomes are very stable (3), this
has led to studies showing that exosomal miRNAs might be great biomarkers for prognostic
and predictive applications (4). These affirmations lead us to the idea that RNA might be also
a good provider of information in predictive biomarkers through the identification of mutations
inside the exosomes. Very few has been studied of the exosomal RNA inside the exosomes.
Until know, predictive mutations in liquid biopsy has been focused on the detection of
circulating tumour DNA. Nevertheless, big improvements have been done in the detection of
EGFR mutations in liquid biopsy with the approval of the prescription of Erlotinib after the
detection of EGFR in circulating tumour DNA (5). However, translocations are difficult to find in
DNA, thus, the study of exosomal RNA might lead to new detection of alterations in liquid

biopsy.
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ALK-EMLA4 translocation in Non-Small Cell lung cancer.

The human Anaplastic lymphoma kinase, whose acronyms is ALK, is a tyrosine kinase protein
with a single transmembrane domain consisting of 1,620 amino acid. (Figure 1). (Thai AA et al
2017) (Tsuyama N et al 2017) ALK extracellular domain contains 2 meprin, A5 protein, and
protein phosphatase p domains and a putative ligand-binding domain (6). From the
phylogenetic point of view, ALK is relatively isolated in tyrosine kinase superfamily; its kinase

domain show 50% identity with the proto-oncoprotein ROS1.

MAM
LDL

MAM

EXTRACELLULAR

G - RICH

. ™

I PTK

INTRACELLULAR

Figure 1. Schematic representation of human ALK structure. Starting from N — terminal region,
two MAM, one LDLa and one G — Rich domains are showed. The only transmembrane (TM)
domain connect the extracellular ALK structure with intracellular C — terminal protein tyrosine
kinase domain (PTK).

In approximately 5% (ranging from 3% to 7%) of NSCLC patients occur an actionable driver
ALK gene rearrangements, specifically adenocarcinomas and usually in younger and light or
never smokers (7-10). From the morphological point of view, the tumour harbouring an ALK
rearrangements are characterized by signet ring cells with a cribriform pattern and an

abundant extracellular mucin component (7).
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The oncogenic echinoderm microtubule-associated protein-like 4 gene (EML4)-ALK fusion
transcript represent the most common ALK rearrangement and is caused by an
intrachromosomal inversion within the short arm of chromosome 2 (7,8). The breakpoint of
ALK is constant at exon 20, but the breakpoints variability in the amino terminal domain of
EML4 (from exon 2 to exon 20) lead to more than 21 different EML4-ALK gene fusions
products (7,9,10). Other rare fusion ALK partners are represented by Kinesin family member
5B, the tropomyosin receptor kinase (TRK)-fused gene, and kinesin light chain 1 (11). The
presence of an ALK rearrangements in NSCLC patients represent a positive predictive factor
for the target treatment with a first (e.g. crizotinib) and second (e.g. ceritinib, brigantinib,
alectinib) generation ALK inhibitors, characterized by approximately 60%-70% objective
response rates and by a longer progression-free survival compared with standard

chemotherapy (12).

Current detection methods for the translocation

In the crizotinib PROFILE 1014 clinical trials, the FISH assay carried out by using “breakapart”
probes (ALK FISH Break-Apart Kit; Vysis, Abbott Molecular, Abbott Park, Illinois) was selected
as the companion diagnostic test. This FDA approved test consists of 3’ end red and 5’ end
green probes flanking the conserved ALK gene translocation breakpoint. While the normal
cells are characterized by a yellow signal, neoplastic cells (with an ALK rearrangements) show
a split red and green signals (Figure 2) (13,14). When 15% or more tumour cell nuclei exhibit a
distinctly separated green and red signals (or isolated red signals) the analysed sample is
defined as positive for an ALK translocation. The application of these analytical threshold on
routine cito — histological samples represent one of the most discussed point to define a
clinical validity of this approach. Another limitation of FISH based assays was represented by
the use of targeted probes, leading to the non — identification of rarer, but clinically relevant,
translocations. Also, to overcome these limitations, more recently, in the ceritinib and alectinib
clinical trial programs the Ventana ALK (D5F3) immunohistochemistry (IHC) companion
diagnostic assay (Medical Systems Inc, Tucson, Arizona), was selected as a FISH cost-

effective surrogate and received the FDA approval (15).

Since both FISH that IHC approaches are validated for diagnostic use on Formalin Fixed
Paraffin Embedded (FFPE) samples, currently, ALK testing guidelines recommend, also for
cytological samples the FFPE preparation (cell block) and in cases of equivocal

immunostaining a confirmatory FISH assay is suggested (16)
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Figure 2. In the upper part of the figure are schematically represented a not — rearranged ALK
gene (FISH negative — yellow), rearranged ALK gene (FISH positive, split signal red and green
probes) and a partial deletion of 5 end of ALK gene (green probe — FISH positive). In the
bottom part, a schematization of positive (brown) and negative (blue) IHC signals, positive
(circle plot with interconnection) and negative (circle plot without interconnection) NGS results

and nanostring positive ALK digital count of fusion mRNA are represented.

Issues for the detection of ALK-EML4 translocation

In more than 80% of NSCLC metastatic patients the samples are collected by using minimally
invasive procedures (small biopsy or cytological samples) making difficult the recovery of an
adequate quantity of biological material to exploit the complete characterization of NSCLC
samples, not only from the morphological point of view, but also for ALK translocations, that
within Epidermal Growth Factor Receptor mutations and PD — L1 expression assessment

represent the fundamental elements to define the most appropriate therapeutic strategies
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(17,18). In some cases that vary from low percentages up to 40% the tissue material collected
results inadequate to define the ALK translocations and other clinical relevant predictive
biomarkers status and in these landscape the implementation of new generation technologies
approaches, based on high throughput, blood derived RNA procedures, such as, NGS and the
nCounter methodology (NanoString Technologies), may represent robust alternatives to FISH
and IHC testing enabling the simultaneous screening of large numbers of other actionable
gene fusions and alterations (Figure 2) (7). The main limitation for the implementation of these
new approaches in clinical setting is represented by the need to recover a good quality and

guantity circulating tumour derived RNA, which nowadays is not feasible.

In this setting, and thanks to the new methods for exosomes workflow, exosomal RNA may
represent an optimal source of Next Generation Technologies analysable RNA to define the
ALK translocation status (7,18,19).

MATERIAL AND METHODS

Clinical data and patients selection

Exosomal RNA material is extracted from plasma from 19 patients with diagnosed NSCLC at
different disease stages. The blood samples were collected from patients according to the
following criteria: confirmed diagnosis of NSCLC with stage llla-b or stage IV at the time of
blood collection, independent of the metastasis type, age 18 or older at the time of informed
consent signature, smoker status independent and both naive and under treatment at the time
of diagnosis. Out of the 19 patients included in the study, 16 of the patients were positive for

ALK-EMLA4 translocation detected in tissue and 3 were negative.
Exosomal RNA extraction and yield measurement

The kit used is distributed by QIAGEN, ExoRNeasy Serum/Plasma Midi KIT (Cat No./ID:
77044) (Fig. 3). Once the sample is collected, the plasma is separated through centrifugation,
this step may variate on dependence of the protocol of the biobank. The starting volume for
the samples ranged between 800 uL until 1 mL per patient. The first step of the Kit was
modified to follow our standards for exosomes workflow. Instead of performing a 0.8 uM

filtration and to avoid the loss of material and volume, we performed 3 serial centrifugations at
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4 °C as described previously for cell culture media, of 500g x 5’, 3000g x 15’ and 10000g x 30’,
collecting in every step the supernatant and avoiding contamination by the pellet. After the last
centrifugation the isolation is performed following the protocol provided by QIAGEN. The RNA

yield is assessed in a Nanodrop ND-1000, Thermo Scientific, with 1 uL of sample.

NGS

The fusions are analysed using the lon Ampliseq RNA Fusion Lung Cancer panel (Thermo
Fisher Scientific, Waltham, USA). Briefly 10 ng of RNA are retrotranscribed into cDNA, the
cDNA is amplified using the specific primer pool present in the kit. The primers used for
amplification are then partially digested by the Pfu enzyme. The product of digestion is then
ligated with corresponding barcoded adapters and purified using Ampure Beads (Agilent
Genomics Inc). The product of purification is amplified for 5 more cycles and subsequently
purified using Ampure Beads. The quality of the libraries was assessed using the Qubit dsSDNA
HS Assay kit (Thermo Fisher Scientific, Waltham, USA). 10 pM of each library was loaded into
the lonChef system (Thermo Fisher Scientific, Waltham, USA) for the emulsion polymerase
chain reaction (PCR) and then loaded in the chip. The libraries are then sequenced on either
the PGM or the lon S5 (Thermo Fisher Scientific, Waltham, USA).

The quality of the data is assessed using the Torrent suite software (Thermo Fisher Scientific,
Waltham, USA) associated with the sequencing machine. The minimum read length for fusion
detection is set to 50bp (base pair) under this value, the reads are too short to overlap
targeted fusion breakpoint. In addition, to assess the detection quality, at least 20 000 reads

are required per sample.

Analysis steps

Alignment of reads on a reference sequences set. Those sequences were built by first getting
CDS sequence of targeted gene fusion, then every fusion was built taking into account the
different combinations. An additional file indicating for each sequence the exact location of
breakpoint was also added to allow the software to recognize those breakpoints during the

alignment process.

The counting of fusions identified. For those particular reads, only the ones overlapping
expected breakpoint are kept. A fusion is labelled as positive if at least 20 reads of 50bp length
min are aligned over fusion breakpoint and at least 20% of reads are aligned over control

sequences (wild types).
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Figure 3. Schematic representation of EXoALK proof of concept study

RESULTS

RNA concentration

The RNA concentration ranged from 0.5 mg/ml until 121 mg/mL. Two samples provide no
concentration in the nanodrop due to melting during the shipment, but new samples were
provided to substitute them. No correlation was found between the RNA vyield and the type of

sample or its clinical variables. Table 1 shows the RNA concentration from every patient.
Exo ALK-EML4 identification

Out of the 19 patients included in the study, 16 patients were positive for ALK-EML4
translocation, the 3 others had no presence of the fusion gene. After the analysis of the RNA
samples, 2 out of the 19 samples were non-informative due to degradation being these
positive for tissue. From the other 17 samples, 9 were detected as positive and 8 were
detected as negative. When matching the results of the tissue and the liquid biopsy, we found
that out of the 15 positive samples in tissue, 9 were positive too in liquid biopsy and 6 were
detected negative reporting a sensitivity of 63%. Regarding the 3 patients negative for the
fusion gene, the 3 of them were reported as negative in the liquid biopsy analysis giving a
specificity of 100% (Table 1).

59



ALK-EML4 FISH detection

in Tissue
ALK-EML4 Exosomal RNA 9 0
detection. OncoDNA/UZA 5
*2 RNA (positive) samples get degraded during the delivery sensitivity
64%

Table 1. Concordance between tissue and ExoALK

DISCUSSION

Exosomes may be the future source of mutational status for cancer patients, however, the
work with exosomes is not fully standardized. When the yield of exosomes is measured and
due to the presence of phenol in the Qiazol, the 260/280 ratio in the Nanodrop is not accurate,
and thus is difficult to assess the purity of your RNA. Moreover, the fusion gene ALK-EML4
presents over 20 variants, in which different exons are present from ALK and EML4 thus,

making more difficult a genetic analysis for all the isoforms.

Thanks to the effort of different companies, new kits are available for the exosomes workflow,
allowing the standardization of protocols such as the exosomal RNA extraction, opening a new
window for the identification of exosomal RNA in the clinic routine as a minimum invasive
procedure for the substitution of the current tissue biopsy, and in this study we demonstrated
that, and without any special formation and due to its simplicity the exosomes analysis could
be implemented in the clinic. Moreover, we have demonstrated for the first time the presence
of the fusion gene ALK-EML4 through NGS inside the exosomes. This discovery opens the
windows to the possibility of making a full gene analysis only based on the exosomes content,
that due to their composition and concentration, provides a very stable source of genetic

material.
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ABSTRACT

Lung cancer treatments has changed dramatically during the last years. Targeted mutations
has significantly improved the outcome of NSCLC.

EGFR represents the must common targetable mutation in NSCLC with a percentage of
mutation from 50% in Asian population to 15% in Caucasians. The current standard of
detection is by genetic analysis of tissue biopsy or genetic analysis of circulating tumour DNA.
However, the first method is commonly difficult because of the impossibility of obtaining biopsy
due to the location of the tumour or the condition of the patient. Moreover, in recurrent patients
developing resistance to the treatment, it becomes even more challenging.

The analysis of EGFR in liquid biopsy has been approved by the FDA, has meant an
improvement in the detection of mutations. However, ctDNA represents a small percentage of
the total cell-free DNA and this introduce a big variability in the assay.

The study of exosomes as predictive biomarkers might be able to solve these problems.
Exosomes are released actively by the tumoral cells into the body fluids, and its composition
protects the content from degradation.

Our objective is to demonstrate the presence of exosomal DNA, standardize its isolation
through the design of protocols. To finish, evaluate the mutational status of three EGFR

mutations in exosomal DNA, and correlate the results with the analysis performed in tissue.
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INTRODUCTION

As explained in Chapter 2, lung cancer is the leading cause of cancer-related mortality in
western countries with more than a million deaths every year (1). Identification of druggable
targets such as Epidermal Growth Factor Receptor mutated non-small cell lung cancer
(NSCLC), with a prevalence of 15% in European countries, and up to 50% in Asian countries,
EMLA4 translocation with a prevalence around 6%, cMET amplification or ROS1 translocation

with 5% and 2% respectively, has led to an improvement on the treatment of NSCLC. (1-3).

Epidermal Growth Factor Receptor in cancer

Epidermal Growth Factor receptor (EGFR) also seen as ErbB1 and HERL1 is included in a big
family of tyrosine kinases and is able to activate a wide number of signalling pathways with
roles in cell proliferation. (4). It is composed of 4 extracellular domains, 2 L domains and 2 CR
domains, that are the EGF binding sites. The transmembrane domain links the extracellular
part of the protein with the intracellular tyrosine-kinase domain and the C-terminal coil (Figure
1)

There are different mechanisms that alter the function of EGFR, and thus, its downstream
pathways resulting in abnormal cell growth, and in some cases to the development of cancer.
The most common EGFR aberrations are in-frame deletions in exon 19 (del19) and the L858R
point mutation in exon 21, which lead to a constitutive activation of the kinase activity and thus,
activation of its downstream pathways. However, was not until 2004 that two groups
simultaneously discovered correlation of somatic mutations in patients with the response to
Gefitinib therapy (5,6). After these studies, many others provide evidences of the better
prognostic in those patients with EGFR mutation undergoing Gefitinib or Erlotinib treatment,
both first generation Tyrosine Kinase Inhibitors (TKIs) compared to chemotherapy (6—8). Both
treatments block the ATP binding site of EGFR, resulting on the blockade of the downstream

cascade.
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Figure 1. Schematic representation of human EGFR structure. Starting from L1 domain, one
CR1, followed by another L2 and CR2. Both CR domains are EGR binding domains. The only
transmembrane (TM) domain connect the extracellular EGFR structure with intracellular C —

terminal protein tyrosine kinase domain.

Unfortunately, most of the patients undergoing TKI treatment progress due to the acquisition of
resistance mechanisms. The T790M point mutation in exon 20 is the most common resistance
mechanism, responsible for approximately 50 to 60% of cases (9—11). Second generation
TKIs, as Afatanib were studied to overcome these alterations, however, high concentrations of
the drug were required resulting on high toxicities (12). Third generation TKls such as
Osimertinib have been already approved for the treatment of these mutations due to their good
performance mostly based on the Phase-lIl AURA2 clinical trial to treat patients with T790M
resistance mutations (13,14). Moreover, Osimertinib has been recently approved for first line
treatment in NSCLC patients with del19 or L858R mutations proving a better Overall-Survival

(OS) than Erlotinib or Gefitinib treated patients in first line (15).
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Current methods for EGFR detection

The clinical indications for EGFR TKI treatments are based on the detection of EGFR
mutations. In 2009, the European EGFR Workshop group recommended, if possible, that
clinicians should obtain tissue biopsies at time of diagnosis (16). However, as reported by
Malapelle et al. a subset of this samples, 12,2% in this study, were not suitable for DNA test
(17). This is because these patients are not undergoing surgery, and thus, the sample is
based on minimal invasive biopsies or small cytologies, deriving on bad quality of the samples
(17). Moreover, when follow up is necessary in order to understand the mutational evolution of

the patient, biopsies are often dangerous for the patient due to the location of the tumour (18).

Hence, liquid biopsies have become an important complementary tool in several aspects of
medicine, including oncology. In 2016, the first ctDNA based test for EGFR mutations was
approved by the FDA (19). ctDNA is passively released by tumour cells after apoptosis or
necrosis. However, and since both are natural processes in the body, the presence of ctDNA
in the blood is 0,5% compared to the total circulating free DNA However, ctDNA levels are
known to be highly variable and can even comprise less than 1% of the total cfDNA (20).
Hence, highly sensitive techniques are necessary to detect these low abundant ctDNA
fractions. Despite these data, and although it can be improved, ctDNA is nhowadays a feasible
alternative in those patients where biopsy is not possible, moreover, ctDNA analysis

represents a good alternative for follow up by anticipating the response to a treatment.

However, and in order to complement and improve ctDNA analysis, exosomes could play an
important role due to the characteristics of their biogenesis that increases the proportion of
tumoral DNA compared to non-tumoral DNA. Exosomes from tumour cells are released in
much higher amount compare to the normal cells. As indicated previously in chapter 3, the
composition of exosomes enables too, the protection of the internal material from degradation
due to DNases and RNAses present in the blood stream. Altogether, might make the

identification of EGFR theoretically more stable and easier.

Exosomal DNA

Exosomal DNA is the last component discovered inside the exosomes in 2011 (21). However,
was not until 2014 were the first mutations, p53 and KRAS were described in exosomal DNA
from cell lines and mice, from different tumours like melanoma, pancreatic cancer, breast

cancer or lung cancer among others (22,23). Moreover, this exosomal DNA seems to contain
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information derived from all the chromosomes that could lead to a better understanding of the

tumour prognosis.

However, based on these studies it is unclear whether the DNA is completely derived from

exosomes or if it also includes DNA bound to proteins or other components in the plasma.

However, the protocols used for these experiments lack samples where the exosomes are
destroyed prior to a DNase treatment, in order to ensure the complete negativity of the sample
and that the DNA detected is indeed coming from the exosomes and not DNA bonded to

proteins or protected by other components of the plasma, in case of in vivo samples.

In order to verify the existence of mutated exosomal DNA our group has first analysed
exosomes derived from a cell line containing the T790M mutation. Moreover, two exosomal
DNA isolation protocols have been compared to isolate exosomal DNA including a detergent
based control in which exosomes are permeabilize prior to the isolation of DNA. We will
compare the EGFR mutational status of matched tissue and exosomes derived from plasma
samples of 19 patients.

MATERIAL AND METHODS

Cell lines

The NSCLC cell line CRL-5908 was purchased from ATCC and the cells were grown in RPMI-
1640 (Thermo Fisher, US) supplemented with 10% Fetal Bovine Serum (FBS) (Thermo Fisher,
US), 1% Penicillin/Streptomycin (P/S) (Thermo Fisher, US) and 1% L-Glutamine (Thermo
Fisher, US) at 37 °C with 5% of CO2. This cell line is resistant to Erlotinib through the single
T790M mutation in the exon 20.

When the cell lines were cultured for exosomes isolation, the FBS used to complete the
medium was ultracentrifugated at 100.000g for 90 minutes and filtered in 0,20 mM nylon filters

in order to deplete the exosomes contained in the FBS.

Exosomes isolation
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Cells were seeded at a concentration of 20000 cells/cm2 with standard medium. After 24
hours, the medium was removed, and the cells were washed with PBS. Exosomes depleted
medium (RPMI-1640 with exosomes depleted FBS) was added to the cells. Upon reaching a
confluence of 80% (24 hours), the medium was collected. Three centrifugation steps were
performed at 4°C; 500 g x 5’, 3000 g x 15, and 10000g x 30’ at 4 °C, to remove dead cells,
apoptotic bodies and cell debris, and macrovesicles respectively. The Eppendorf centrifuge
5810R was used for the first two centrifugation steps, while the last step was performed in a
Beckman Coulter OptimaTM XPN — 80 -IDV in Ultraclear tubes in a 70 rotor from Beckman
Coulter. The medium was collected after every centrifugation step. In order to isolate
exosomes, the resulting supernatant was ultracentrifuged at 100,000 g x 90'. The pellet was

resuspended in PBS and pooled. This was repeated to eliminate protein precipitates.

Western Blot

The presence of exosomes was verified by Western blot according to the protocol previously
described by Pauwels B et al. (24). The pellet was resuspended in lysis buffer, after which
blocking and primary and secondary antibody incubation were performed using the SNAP id®
2.0 protein detection system (Merck Millipore, Burlington, MA, USA) according to the
manufacturer’s instructions. Mouse anti-ALIX and CD63 (Abcam, UK) were used as primary
antibodies and Anti-mouse IgG HRP-linked (Cell signalling, US) as secondary antibody at
recommended concentrations for Western-Blot. Chemiluminescent detection was performed

using the LuminataTM Forte Western HRP Substrate (Merck Millipore).

Scanning electron microscopy (SEM)

Scanning electron microscopy was performed from a pellet of exosomes after double

ultracentrifugation as described in Chapter 4.

Exosomal DNA isolation from cell line

Exosomal DNA was isolated using the QIAmp DNA FFPE Tissue kit (Qiagen, Germany). The
pellet of exosomes was resuspended in Lysis Buffer mixed with proteinase K as per

manufacturers’ instruction

Patients selection

The blood samples were collected at Ospedale Universitario di Palermo, Italia and at the
Antwerp University Hospital, Belgium in 10 mL EDTA tubes from patients according to the
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following criteria: confirmed diagnosis of NSCLC independently of the stage, age 18 or older at
the time of informed consent signature and both naive and under treatment at the time of
diagnosis. The positive patients must contain at least one of the following EGFR mutation;
del19, L858R or T790M. The negative patients were NSCLC patients that match all the
previous criteria but without targetable mutations. Informed consent was obtained according to
the Declaration of Helsinki and with hospital ethics committee approval (Antwerp University
Ethics committee n. 14/17/206). Plasma was generated within 2 h of blood collection, pooled
and transported on dry ice. Sample collection, processing and storage was performed by
Biobank@UZA (Antwerp, Belgium; ID: BE71030031000; Belgian Virtual Tumourbank funded
by the National Cancer Plan, BBMRI-ERIC; No. Access: 1, Last: 25 September 2017) (25).

Exosomal DNA isolation from patients

In the second part of this study, a novel isolation workflow was performed to verify the
presence of exosomal DNA. Isolation was performed using two EGFR WT and one EGFR
mutated plasma sample. In order to permeabilize the exosomes, one mL of plasma was

treated with 1% Triton X-100 solution for 30 minutes as described by Palanisamy V et al. (26).

Next, DNAse-free RNAse (Qiagen, Germany) was added to eliminate ctDNA as well as
exosomal DNA. Exosomes were isolated using ExoEasy Maxi Kit (Qiagen, Germany) as per
manufacturers' instructions. The exosomes were eluted in 400 mL of Xe elution buffer. DNA
was isolated from the exosomes with the QIAmp DNA FFPE tissue protocol (Qiagen,

Germany), as described previously.

In the last part of this study, exosomes were isolated from patient samples. Plasma samples
were processed in the same manner as cell-derived exosomes. Plasma samples were
centrifuged three times and exosomes were isolated by two step ultracentrifugation. The

QIAmp DNA FFPE Tissue was also used for exosomal DNA isolation.

Exosomes isolation was performed through Isolated exosomal DNA from all study phases
were stored at 4 °C or -20 °C until ddPCR analysis.

Mutational analysis of the samples

Digital droplet PCR (ddPCR) analysis was performed by the department of pathology (UZA) to
assess the EGFR mutation status of the exosomal DNA. Samples derived from cell lines and

patient samples processed by the novel isolation workflow were screened using the T790M
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primer/probe assay from BioRad, as described by Sorber et al (27). To correct for sampling
error and to increase detection rate, samples were analysed in triplicate. Exosomal DNA
isolated from patients in the third phase, were screened by the T790M assay as well as one of
two multiplex ddPCR assays to detect both the EGFR T790M and activating mutation,

respectively.

RESULTS

Exosomes characterization

CRL-5908 derived exosomes were characterized by Western Blotting and SEM. ALIX and
CD63 proteins are known as exosome markers and were detected in the pellet of exosomes
after double ultracentrifugation from the conditioning medium (Figure 2a). Moreover, it is
clearly visible in the images obtained through SEM, rounded vesicles ranging from 70 to 180

nm (Figure 2b).

Figure 2. (a) Western-blot for the exosomes markers Alix and CD63. (b) Scanning electron

microscopy showing rounded micro-vesicles with a size ranging from 70-180 nm.

Cell line analysis

DdPCR analysis of the exosomal DNA revealed that 81.6% of all DNA molecules carried the
EGFR T790M mutation. The sensitivity of the triplicates was adequate with a value of 0,05%
(EGFR mutations are detectable at a frequency of 0,05 in the total exosomal DNA) (Figure 3).
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Patients analysis

In the second phase of this study, we tried to verify the exosomal DNA content. No signal of
either T790M or T790 WT was detected by ddPCR analysis, indicating that no DNA was
isolated (Figure 4)

The third phase of this study, consisting of exosome isolation via ultracentrifugation is currently
ongoing. The results will be available at the time of the thesis presentation, or if possible, in a

modified version of this thesis.

DISCUSSION

Exosomes contain a high number of molecules, such as proteins, miRNAs, RNA and DNA
derived from their cell of origin, making them a suitable biomarker for diagnostic, predictive
and prognostic purposes. Exosomal miRNA signatures have already been described as
possible prognostic profiles with regards to response to therapy in different tumour types. Our
group highlighted the potential of using exosomal RNA for the detection of EML4-ALK
translocations (Chapter 5.1). Presently, tissue samples are the preferred matrix, due to the
instability of RNA in the circulation and the technical difficulties associated with cfDNA

analysis.

In 2011, exosomes were found to carry single-stranded DNA molecules (21). Several groups
described the detection of long fragments of exosomal DNA. KRAS and p52 mutations were
detected in exosomes isolated from pancreatic cancer cell lines and patients. Furthermore, the
exosomal DNA was found to originate from all chromosomes (28). Cancer associated
mutations of several tumour types were detected in exosomes generated from cancer cell
lines, mice, and patients (23). Similarly, our study demonstrates the presence of the EGFR
T790M mutation in approximately 80% of DNA isolated from cell line derived exosomes,
highlighting the potential of exosomes. In this study, as previously shown by other groups, we
were able to detect the mutation T790M in exosomes derived from the CRL-5908 cell line in a

frequency of 80,6%. This result correlates with similar results published by other groups
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suggesting that exosomes carry important genetic material from the cell of origin, and thus,
they can be useful as complementary biomarkers to tissue of ctDNA analysis.
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NTC- No template control; POS- Positive control and 5908exosomes. WT — T790M —Total
number of droplets.
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However, whether the DNA analysed in these studies is actually exosomal DNA, remains
controversial. It is possible that a part of this DNA is bound to proteins or adhered to the
membrane of microvesicles, thereby evading degradation by DNases. Furthermore, the
complexity of the ultracentrifugation-based workflow, and lack of standardization hamper
implementation of exosomes in the clinic. To address these issues, our group has put the
effort on developing a protocol for exosomal DNA extraction based on using commercialized
kits. However, and despite the previous experiments performed to set up the conditions (data
not shown), no exosomal DNA could be generated by this workflow. It is possible that the
ExoEasy and QIAmp FFPE DNA kit are not compatible. The ExoEasy kit uses a saline based
buffer, which might, through dilution, or through some of its components, inhibit the proper
function of the lysis buffer from the QIAmp FFPE DNA kit. Hence, there will be insufficient, or
no lysis of the exosomes and the DNA fraction will remain inside the exosomes. This issue
might be resolved by switching to a DNA extraction kit from blood as previously described or
replacing the saline buffer by a lysis buffer through ultrafiltration. Further research into optimal

and standardized workflows is crucial.

In the third phase of our study, which is still ongoing, we are examining exosomal DNA derived
from patients. Despite the complexity, double ultracentrifugation remains the gold standard to
isolate exosomes. These results will be discussed at the thesis defence.

In conclusion, the use of exosomes as predictive biomarkers is still in its early stages. Further
research is necessary to investigate the potential of mutation analysis of exosomal DNA as a
complementary technique for tissue and cfDNA analysis. Moreover, different studies have
shown that exosomes reflect the content of their cells of origin, and thus, might content the
complete mutational status of the tumour cells (29-31). As exosomes reflect the content of
their cell of origin, analysis of their content could lead to a complete identification of the genetic
landscape of the tumour. However, the optimization and standardization of the exosome

workflow remains to be accomplished.
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CHAPTER 6

Exosomes as mediators of phenotypical and genotypical
changes in the recipient cells
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ABSTRACT

Exosomes have been described to play pleiotropic roles that involves the communication
between cells. These pleiotropic roles involve horizontal transfer of information, pre-metastatic
niche formation, angiogenesis, tumour progression and immunomodulation.

These roles might lead to exchange of information between cells, and thus, on a change of
phenotype in the recipient cells.

As our and other groups have described, this is not a passive process but an active process in
which cells uptake the exosomes actively through membrane extensions.

This knowledge, lead us to think, that tumoral cells obtain advantages from the exosomes in
order to promote their survival.

To prove that, we have performed a sequence of experiments in which we incubate sensitive
cells with exosomes derived primary resistant cells and acquired resistant cells. Afterwards we
evaluate the changes that exosomes have in different aspects such as, response to the
treatment, survival, response under stress and aggressiveness.

This might help us to understand the exact role that exosomes play in tumour development,
which at the same time, could lead in a future to block these effects.
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INTRODUCTION

Exosomes mediates communication between cells

As explained in Chapter 3, exosomes have an impact in the communication between cells, this
function is named as, pleiotropic roles. These roles involve the preparation of the pre-
metastatic niche, as Peinado H et a. explained how melanoma exosomes alters the bone
marrow cells making it more accessible for cancer cells, same results were shown for lymph

nodes (1,2), but also angiogenesis, tumour progression or immunomodulation (3-5) .

In the last months, many articles have been published concluding that exosomes might
mediate, at least partially, the resistance to cancer treatments. However, different mechanisms
have been proposed to mediate this resistance; horizontal transfer; drug export; drug

blockade.

The most described mechanism involves exosomes carrying genetic material, generally
miRNAs, and being internalized by sensitive cells developing a resistance to the treatment.
This was published for breast, prostate and lung cancer cell lines (6-8) . Safaei et al.
described that cisplatin internalized by the target cells, was afterwards exported inside the
exosomes from ovarian cancer cells (9) . Other publication described that the breast cancer
cell lines increased the production of exosomes HER-2, which at the same time, were able to
block the Anti-Her2 drug, Trastuzumab suggesting that these extracellular vesicles are able to
reduce the effect of Trastuzumab by reduce the free-drug concentration (10) . Despite these
discoveries, there is lack of information in whether the exosomes are able through horizontal

transfer to promote the resistance to targeted therapies.

Exosomes as inducers for aggressiveness

Exosomes are able to carry different factors derived from the cell of origin that might trigger
different functions in the recipient cells. When this is applied to tumoral exosomes, they might
be able to induce pro-tumoral changes in the surrounding cells making them more aggressive,

inducing this way, the growth of the tumour.

Recently, Shimada Y. et al. Published an abstract describing that exosomes derived from lung

mesenchymal NSCLC cell lines, transfer active epithelial-mesenchymal transition proteins and
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transcriptomes in sufficient amounts to induce phenotypical changes in bronchial epithelial
immortalized cells, promoting lung cancer invasion and metastasis (11). Similar results were
published in ovarian cancer, where exosomes derived from two ovarian cancer cell lines were

able to induce migration in parental mesenchymal stem cells in vivo (12).

Another article demonstrated, that exosomes derived from breast cancer cell lines with
different metastatic potential, also lead to different levels of migration in breast cancer cell
lines (13). Goulet C.R. showed that exosomes derived from ovarian cancer cells, were able to
induce tumorigenic status to healthy fibroblast in the surroundings of the tumour converting
them in cancer-associated fibroblasts (CAFs) (14) , this is of high interest because recently,
Jacobs J. described that CAFs alone, without other stimulus, are able to induce migration in

colorectal cancer cell lines (15) .

Our hypothesis is that, in vivo, lung cancer starts developing a resistant phenotype due to
continue exposure of targeted therapies such as Erlotinib, and these cells through exosomes
secretion, induce resistance and aggressiveness in the surrounding tumoral cells. To prove
our hypothesis, different experiments were carried out with exosomes derived from two
different cells lines resistant to Erlotinib, one with an acquired resistance and another one with

primary resistance.

MATERIAL AND METHODS

Cell culture

The NSCLC cell lines CRL-5908 and CRL-2868 were purchased from ATCC and the cells
were grown in RPMI-1640 (Thermo Fisher, US) supplemented with 10% Fetal Bovine Serum
(FBS) (Thermo Fisher, US), 1% Penicillin/Streptomycin (P/S) (Thermo Fisher, US) and 1% L-
Glutamine (Thermo Fisher, US) at 37 °C with 5% of CO2. This CRL-5908 cell line is resistant
to Erlotinib through the single T790M mutation in the exon 20 of the EGFR gene. The cell line
CRL-2868 is an is sensitive to Erlotinib through the deletion of the exon 19 (del19) in the same
gene. The cell line CRL-2868 GR5 c-met was obtained from Prof. Elisa Giovannetti from the
VU University Medical Centre in Amsterdam. This an acquired resistant cell line isogenic from
CRL-2868, produced through exposure to increasing concentrations of Erlotinib, with an

amplification of c-met and it was cultured in the same conditions as the other two (16) .
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When the cell lines were cultured for exosomes isolation, the FBS used to complete the
medium was ultracentrifugated at 100.000g for 90 minutes and filtered in 0,20 mM nylon filters

in order to deplete the exosomes contained in the FBS.

Sulforhodamine B assay

Sulforhodamine B assay (SRB assay) was performed in order to assess the IC50, described
as the drug concentrations that inhibits 50% of the cell growth. The assay was performed 3
times for every cell line, and in triplicates (3 wells per condition) every time with a negative

control, without treatment.

The cell lines CRL-2868 GR5 c-met and CRL-5908 were incubated at 2000 cells/well for 24
hours prior to treatment with Erlotinib. A total of eleven different concentrations were prepared
for the assay ranging from 100 mM to 1 nM applying a dilution 1 /2 and 1 /5 alternatively from

the more concentrated to the least.

The cell line CRL-2868 was incubated at 3000 cells/well for 24 hours prior to treatment with
Erlotinib. As before, a total of 11 concentrations were used, but ranging from 50 mM to 0,5 nM

with the same dilution system described above.

The protocols were performed as described before by Orellana et al. (17) .

The results were transformed into a percentage taking as 100% the untreated cells. And then
carried to a relative number between 0 and 1, to be analysed in Phoenix WinNonlin software

using a pharmacodynamic model to calculate 1C50.
Exosomes isolation

Exosomes isolation was performed as described in chapter 4 for CRL-2868 GR5 c-met and
CRL-5908.

Mutation transfer to recipient cells

CRL-2868 well seeded at a concentration of 2000 cells/well in a 6 well-plate. After 24 hours
the cells were treated twice for 48 hours consecutively with 20 ug/mL of exosomes derived
from the cell line CRL-5908 and incubated for 72 hours at 37 °C 5% CO2.
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The cells were washed 3 times in order to remove non-internalized exosomes, scrapped and
resuspended in lysis buffer from QIAmp FFPE Tissue DNA isolation Kit and the DNA was

isolated following the manufacturers’ instruction.

EGFR analysis

The mutational status of EGFR in the cells from the previous assay was performed for the
T790M mutation as described in the Chapter 5.2 through ddPCR. Thresholds for the T790M
assay were settled as: >1% non-informative, 0.1-1% for restricted, and <0.1% for adequate.

The DNA from the cell line CRL-5908 was used as positive sample.

Assay for the transfer of the resistance. Incucyte.

CRL-2868 cells were cultured in 96-well clear flat-bottom polystyrene tissue-culture plates at
the same concentration as in the SRB assay in 100 mL of medium. The experiment was
performed in triplicates. After 24 hours exosomes derived from CRL-5908 or CRL-2868 GR5
c-met were added to the cells at a concentration of 10 ug/mL and 20 pug/mL twice along 48
hours (2 treatments of exosomes) *. Erlotinib HCI (OSI-744) (Selleckchem, US) IC50 was
added 24 hours after the last exosomes treatment together with IncuCyte® Cytotox Green
Reagent (Essen Bioscience, UK) according to the manufacturer protocol. The plate was
incubated at 37 °C with 5% CO2 in the Incucyte.

Images were taken every 2 hours since the plating of the cells and the final time point was
analysed with the Incucyte ZOOM software based on the confluence of the cells in the well
taking as positive control the triplicates without treatment.

Each well was corrected based on the percentage of surface of the IncuCyte® Cytotox Green
Reagent. 3 wells with CRL-5908 and CRL-2868 GR5 c-met (at a concentration of 2000

cells/well) were used as reference for resistant cells to Erlotinib.

*Other combinations of exosomes treatment were used; 2 exosomes treatment; 1 exosomes

treatment followed by a 24 hours incubation prior to Erlotinib addition.

Starving assay

In order to evaluate the influence of exosomes on the status of the cell, CRL-2868 cells were
seeded in in 96-well clear flat-bottom polystyrene tissue-culture plates at the same

concentration stated before. After 24 hours of incubation exosomes at a concentration of 20
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ug/mL were plated with the cells. The cells were left in the Incucyte for 7 days at 37 °C 5%

CO2 without further changes. Images were observed after 168 hours.

Scratch assay

CRL-2868 cell line was plated at a concentration of 40.000 cells/well in a 96 well IncuCyte®
ImageLock Plate for 24 hours. Exosomes were later added to the cells at a concentration of 20
ug/mL at different times in triplicates per condition, being these (using the scratch time as

reference): -24 hours, - 6 hours, - 4 hours, 0 hours (just after the scratch) and +4 hours.

The scratch was performed using the WoundMaker™ (Essence Bioscience, UK) and following
the washing and 96-Well Scratch Wound Cell Migration & Invasion Assays provided by the
manufacturers. Wound confluency was monitored every 2h with the Incucyte LiveCell Imaging

System (Essen Bioscience) for a total of 24h as described by Jacobs et al (15) .

The IncuCyte scratch-wound analysis software allowed for quantification of the increasing cell

confluence inside the wound using the “Relative Wound Density” metric. Scratches were

performed in triplicate and wells with inappropriate scratches were excluded from analysis.

RESULTS

SRB assay

The experiment was performed three times for each cell line in triplicates. CRL-2868 had an
IC50 value of 0.052 mM, much lower than CRL-5908 and CRL-2868 GR5 c-met with an IC50
value of 7.49 and 6.23 mM respectively (Table 1) (Figure 1).

The absorbance values for the Plate 2 of the cell line CRL-5908 presented a high standard

deviation between several wells so it was not considering for the measurements.
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Cell Line IC50 Plate 1 IC50 Plate 2 IC50 Plate 3 IC50 Value (mM)

CRL-2868 0,059 0,043 0,054 0,052
CRL-5908 7,49 7,49 7,49
CRL-2868 GR5 C-Met 6,62 6,81 5,26 6,23

Table 1. IC50 values per cell line and plate.

CRL-2868 CRL-5908 CRL-2868 GRS c-met

1004 1004 100

50+ 504

Confluence %
Confluence %
Confluence %
(%)
o

0 T T T T 1 0 T T T T 1 0 T T T T T 1
0.001  0.01 0.1 1 10 100 0.001  0.01 0.1 1 10 100 0.001  0.01 0.1 1 10 100
[Erlotinib] uM [Erlotinib] uM [Erlotinib] uM

Figure 1. SRB results for SRB with standard deviation for every condition (n=3). CRL-5908

(n=2). The brown tendency line refers to the line designed by the software to calculate the
IC50.

Detection of mutations in the recipient cells

DdPCR analysis of the DNA from the CRL-2868 after incubation with exosomes derived from
the CRL-5908 was able to detect 3 copies of the EGFR T790M with a sensitivity of 0.02%
meaning that it was an adequate analysis (Figure 2c). The cell line 5908 shows a clear
positivity for the T790M mutation (Figure 2b).
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Figure 2. 2D diagram of the ddPCR. (a) No template control. (b) DNA from CRL-5908. (c)
DNA from CRL-2868 incubated with exosomes derived from CRL-5908.
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Effect of exosomes on the proliferation after treatment

The first experiment was performed with a single incubation of exosomes derived from the cell
line CRL-5908 for 24 hours prior to Erlotinib treatment (data not shown) without appreciable
differences between the different conditions. The next experiment consisted on a double
treatment of exosomes from the same cell line for 48 hours prior to Erlotinib treatment. The
experiment was performed in duplicates for the exosomes and triplicates for the controls.
Clear differences are observable between the samples previously treated with exosomes and
those that were treated with Erlotinib. While the cells treated with exosomes derived from were
at an 86,96% and 83,42% for 20 pg/mL and 10 pg/mL of exosomes respectively. The wells
treated only with Erlotinib had a confluence of 68,16% (Figure 3).

d Erlotinib resistance induction b
100-

e = e =
EN Confl %)

3 Pence el 89,3539 78177 67,0112 99,1216
5 84,5856 88,6697 69,3195 98,7379
=

'E 92,087 99,4156
8 X Confluence (%) 86,96975 83,42335 68,16 (76,3369%) 99,0917

Figure 3. (a) Graphic comparing the confluence at end-point of CRL-2868 cells after treatment
with exosomes and Erlotinib and cells with only Erlotinib treatment. (b) Percentages of the
confluences per well based on the analysis of four images. *The well was considered as an
outlier due to technical problems and was removed from the final calculations. (¢ & d) Images
extracted from the experiment showing the confluence of cells treated with 20 pug/mL of

exosomes and Erlotinib (c) and cells only treated with Erlotinib (d) at the end of the
experiment.
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Two other experiments with an interval of 24 hours after exosomes incubation and prior to
Erlotinib treatment were performed without successful results (data not shown).

We performed two assays with exosomes derived from the cell line CRL-2868 GR5 c-met
mirroring the conditions of the previous experiment. Unexpectedly, the results at the end of the
experiment were not positive with a confluence of the wells treated with exosomes lower or
similar to the ones treated only with Erlotinib (data not shown). However, after 24 hours of 20
ug/mL of exosomes incubation there was a clear change of morphology in the recipient cells
compared to the untreated ones (Figure 4). The morphology of the CRL-2868 cells is rounded
without prolongations, with a very diffuse membrane difficult to differentiate from the back
ground (Figure 4a) while the same cells previously treated with exosomes presents an angular
shape on their membrane, with prolongations of the cytoplasm, and a clearly defined shape

when comparing with the background (Figure 4b).

1 day 0, 20:00

Figure 4. Example of 2 images of the CRL-2868 cells with (b) or without (a) exosomes at the

same time point.
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Role of exosomes in survival

After 7 days of incubation in the Incucyte, the cells that were treated with exosomes presented
a well-defined body with long filopodia, characteristic from very aggressive cells (Figure 5a). In
the same, the untreated cells presented a very diffuse shape, with multiple apoptotic bodies

around them (Figure 5b).

0 ym 300 N 5 3 5 %
| PO A VA — ¥ B “ <

1.70 x 1,27 mm, 2,15 mm’ o 7 day 6, 0:00
;i 0 4 Sk

Figure 5. (a) Cells treated with exosomes 20 ug/mL (b) Negative control. Untreated cells.
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Role of exosomes in migration and invasion

As explained before, exosomes might mediate phenotypical and genotypical changes in the
cell that might lead to an increase in the aggressiveness of the cells, thus, we analysed the
capacity of exosomes derived from CRL-2868 GR5 c-met cells of increase the migratory

capacity of the CRL-2868 cells by real time analysis of wound closure.

Due to technical problems the scratch was not regular in all the wells, thus, it was not possible
to analyse the assay as it was designed. Moreover, regardless of our hypothesis, making a
comparison of treated cells prior, or at the time of scratch or not treated cells, exosomes were
not able to increase the capacity of invasion or migration in the cells at any time point
compared to the cells alone. However, looking at the graph generated, it is clearly visible that
there is a delay invading the scratch of those cells treated with exosomes (Figure 6a),

something that is clearly visible in the images 7 hours after the scratch (Fig 6b & c).

DISCUSSION

The role of exosomes in different features of cancer progression has been described over the
last years. However, these publications only investigate some tumoral types, and most of them
research how exosomes derived from tumoral cell lines, induce phenotypical changes in
surrounding healthy cells (11,12) . Therefore, the mechanisms and how these changes might

affect in the real tumoral status are unknown.

Our results seem to not completely solve these questions. Despite the experiments where we
clearly see that exosomes gets internalized by the sensitive cells (Chapter 4) and that these
exosomes contain the T790M mutation releasing it inside the recipient cells, we were not able
to show a robust effect of the exosomes inducing resistance to Erlotinib with CRL-5908,
although we could see a tendency based on one experiment in duplicates. Moreover, using
exosomes derived from CRL-2868 GR5 c-met, an isogenic cell line to CRL-2868, we obtained

no difference compared to the cells only treated with exosomes in terms of confluence.
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Figure 6. (a) Timeline of the relative wound density comparing untreated cells with cells
treated with exosomes, prior and at the time of the scratch. (b) Image of untreated cells 7
hours after the scratch. (c) Image of treated cells with 20 ug/mL of exosomes 7 hours after the

scratch.
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On the other hand, as seen in Figure 4. there is a clear change of morphology on the CRL-
2868 treated with exosomes compared to the untreated cells. This change of morphology,
might demonstrate what we described with the starving assay. The cells treated with
exosomes, seem to perform better on stressful environment, where, after 7 days, there is
absence of nutrients in the medium and the untreated cells start to become apoptotic. These
morphological changes shown in the different experiments, might be related to an Epithelial-
mesenchymal transition induce by exosomes. This process has been already described in
cells with acquired resistant to TKI treatments (18) . In order to confirm this hypothesis, a
genetic analysis in the exosomes and in the cells after exosomes treatment should be perform

for classical EMT markers such as Vimentin, E- and N-Cadherin among others.

To finish, we decided to perform a scratch assay to assess the changes that exosomes might
produce in terms of aggressiveness. We saw that there was a delay in starting the wound
closure on those cells treated with exosomes at different times compared to the untreated
cells, however, this experiment just gives us a tendency, since many wells were not possible
to be analysed in both, treated and untreated conditions, due to technical problems with the
Wound Maker.

Looking at the results, it is clear that exosomes derived from resistant cells induce changes in
the sensitive cell line, however, we require further research to extract robust conclusions out of
them. Until now, our experiments were based on one or two incubations of exosomes for a
period of 6 to 48 hours, nevertheless, it seems that exosomes might be inducing the
phenotypical changes later in time, thus, the effect on the resistance to the treatment is not
observable due to the quick addition of Erlotinib to the cells. In our opinion, this is happening
overall in the scratch assay. Taking into account that the wound is closed in less than 24

hours, exosomes might not have enough time to induce the changes.

To solve these problems, new protocols must be designed to confirm our hypothesis. Growth
of cells in presence of exosomes, might induce long term changes in the sensitive cells,
increasing the doses required for treat them. This could also result on a more aggressive

phenotype, increase survival, migration and invasion of the cells.
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CHAPTER

Discussion
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GENERAL DISCUSSION AND FUTURE PERSPECTIVES

Exosomes are a novel field of research. When discovered, it was believed that they were
merely trash bags used by the cells to eliminate non-desire contents. However, in the last
years the research on exosomes has increased dramatically from 100 publications ten years
ago, to 1800 publications in 2018.

This increasing interest is due to the promising results that exosomes has shown in different
fields. Among them, cancer exosomes it's one of the most studied. Exosomes are composed
by a lipid bilayer that provides them with a big stability in hostile environments protecting their

content from the different components in the blood stream, urine and other biological fluids (1).

However, due to the novelty of the topic, there is no consensus on the methodological area
regarding exosomes workflows. As published by Pathan M. et al. (2) . nowadays
ultracentrifugation is the most common method for exosomes isolation, however, up to nine
different methods are commonly used for isolation, some of them, combined. This paper,
highlights the importance of standardization of the protocols used to work with exosomes. On
the same path, Van Deun, J. and Hendrix A. created a knowledge database in order to
evaluate the transparency and rigour of exosomes publications to improve reproducibility and

standardization in extracellular vesicles research (3) .

In chapter 4, we have described three protocols for exosomes imaging. One of the common
experiments required to demonstrate the correct isolation of exosomes, is the Electron
Microscopy, both scanning and transmission are valid. Until now, many articles have published
images in electron microscopy, however, these images usually present a poor quality, and few
information can be extracted from them (4,5) . We have prepared an electron microscopy
protocol setting the values for the Voltage, and the staining of the exosomes obtaining clear
images, being possible to used together with the detection of surface components through
Immunostaining. We have also obtained the first images of SEM after exosomes isolation

through ExoEasy.

Exosomes are also being studied as transmitters of information between cells, especially in

cancer cells (6-11) . Thus, the importance of imaging techniques where it is visible the
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internalization of exosomes is required. Many protocols have been published for exosomes
staining. In our articles, we have shown a comparison between colourants for exosomes, and
we have included a protocol for exosomes staining removing the ultracentrifugation steps, in

order to simplify the protocol.

The last protocol designed, have described the observation of live uptake of exosomes. In it,
we have clearly seen how the exosomes are uptaken by the recipient cells, not just as a
passive action, but how clearly the cell creates filopodia and how the exosomes move along
the filaments of actin. The protocol is not completely set up, due to the cell dead that can be
seen in the videos. However, is a good starting point to optimize settings and concentrations of
colourants to find the best performance. This type of protocols might be extremely interesting
for those projects that start using exosomes as drug delivery systems in order to analyse the
performance of exosomes internalization and thus the concentrations of drug that might be

active inside the cells (12,13) .

Non-Small Cell Lung Cancer (NSCLC) remains as the most lethal type of cancer. Its 5-year
overall survival remains below 20% and it produce around 1.3 million per year (14) . Despite
the increase of treatment options for different subsets of NSCLC, such as targeted therapies
and immunotherapy, there has not been major improvements in terms of overall survival (OS)
(15) .

Despite the statistics, both targeted therapies and immunotherapy meant a revolution on the
treatment of cancer, among other reasons, due to the improvement in quality of life of the
patients. Immunotherapy targets immune-checkpoints located in the tumour cells that during
tumour development, blocks the immune-response. However, the expression of these

checkpoints is not correlated with response to the treatment (16-18) .

On the contrary, predictive biomarkers for targeted therapies, with exceptions, present a
higher correlation between detection of the biomarker and response to the treatment (19,20) .
The problem lies on the detection of these markers. Biopsies only represent a fraction of the
tumour, and does not always content enough tumoral material to make a screening test for all
the markers. Moreover, in late stages NSCLC or recurrence, very often is not feasible to
biopsy the patient and the samples are based on non-invasive cytologies, resulting on
inadequate tumour profile (21) . For this reason, in chapter 5.1 and chapter 5.2, we have
developed two protocols to analyse ALK-EML4 translocation in exosomal RNA and EGFR

mutations in exosomal DNA respectively. The results of the identification of ALK-EML4 are
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very promising with a sensitivity of 64% and a specificity of 100%, however, the number of
patients analysed is low, and further research must be performed in a bigger group of patients.
In addition, we are willing to include other less common variants of the translocation in order to

increase the detection of the assay.

On the second part of predictive biomarkers study, we have not been able to identify the
mutation of EGFR in patients yet, however, the assay performed in exosomes derived from
cells, indicates that we EGFR is present inside the exosomes. However, to implement these
assays in the clinic, high standardization is required, and thus, we will work on the
development of a simple and standard assay to isolate exosomal DNA without

ultracentrifugation.

Despite the good results showed by targeted therapies, many of the patients develop a
resistance to the current treatment as explained in different chapters. The mutation occurs
partially due to the continuous exposure to the drug, inducing mutations in the target cells.
However, it has been described that exosomes might mediate partially this resistance through
different mechanisms, moreover, these exosomes might transfer other signals such as
aggressiveness, progression or survival (9,22,23) . Lastly, in chapter 6, we have investigated
the function of exosomes derived from primary resistant cell lines and acquired resistant cell
lines. We have shown different scenarios where exosomes are inducing phenotypic changes
in morphology, and survival with and without treatment. Although these changes are not
significant, only about 15% of difference between exosomes incubation and non-exosomes
incubation, it shows an effect, that might be possible to increase modifying the conditions. We
have also shown the transference of genetic material from exosomes to cells through the
detection of the T790M mutation in CRL-2868 which naturally does not contain this mutation.
However, these results are not fully conclusive, molecular assays are required to analyse the
real effect that exosomes are producing in the cells, such as reduction of the apoptosis or
epithelial-mesenchymal markers to analyse the phenotype of the cells. Furthermore, we are
willing to start experiments on 3D co-culture of resistant and non-resistant cells, one of the
them transfected with a fluorescent lentiviral vector in order to evaluate how the different cells
evolve in the presence of a treatment. This would allow us to mirror more similarly a real

tumour situation and observe how the clonality of the tumour evolves.
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CONCLUDING REMARKS

The main objective of these project was to contribute to the improve the knowledge of
exosomes in cancer, trying to ameliorate the methods of exosomes observation, investigating
the exosomes as predictive biomarkers for targeted therapies and studying them as possible

mediators between tumoral cells, especially in lung cancer.

We have been able to described a protocol to observe live exosomes being internalized by the

cells, and improved other protocols used for exosomes imaging.

We have described for the first time the presence of ALK-EML4 translocation in RNA derived
from exosomes, and study the tissue concordance, finding a good correlation between them.
Moreover, we have put our efforts on correlate the EGFR status from patients detected on
tissue with exosomal DNA. The results on the cell derived exosomes indicates that it will be

possible to assess the EGFR status through exosomal DNA analysis.

To conclude the thesis, we have studied how exosomes alter the phenotype of the recipient
cells. We have shown a change in the resistance of sensitive cells after treatment with
exosomes derived from resistant cells. In addition, these exosomes induce morphological
changes in the treated cells, which moreover, induce survival in starving situations and seem
to delay the wound closure after making a scratch. This might prove, that cells exposed to
exosomes might undergo epithelial-mesenchymal changes in their phenotype making them
more aggressive and resistant to the treatment.

In conclusion, we are proud to contribute with this translational research to increase the

knowledge in this exciting field, including a potential clinical application.
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