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Abstract

Colorectal cancer (CRC) has one of the highest rates of cancer mortality
worldwide. Despite progress in improving screening rates, approximately 35% of
CRC patients are diagnosed with stage IV (metastatic) disease which has poor
prognosis. In vitro 3D models have been developed which provide useful
platforms to explore biomolecular processes in pre-clinical studies of cancer and
metastasis, enabling the characterisation of mechanisms which can then be
applied to the improvement of diagnosis, prognosis and disease treatment.
Extracellular vesicles (EVs) are now known to play a critical role in cancer
progression. Not only do they support cancer progression towards metastasis,
but as carriers of bioactive cargo, they also show promise as potential cancer
biomarkers. In this study, organotypic 3D models mimicking cancer invasion and
pre-metastatic niche (PMN) in lung were developed to explore the role of EVs in
advanced CRC stages and to evaluate their potential as prognostic markers.

After validating a transwell system as an effective 3D model, this work establishes
that CRC EVs induce the invasion of cancer cells in a stage-dependent manner,
with metastatic SW620 EVs driving a more aggressive phenotype than SW480
EVs. Proteomic profiling of the PMN showed differences in protein content upon
treatment and a list of potential m/z signals able to distinguish between SW480
and SW620 EV treatment was obtained by multivariate analysis. CRC EVs also
induced a-smooth muscle actin (a-SMA) expression in fibroblasts, demonstrating
activation of fibroblasts in the 3D model. Expression and activity of TG2, a
multifunctional enzyme involved in cancer progression, was increased after CRC
EVs treatment in the 3D model of invasion. This led to the exploration of the cell-
specific expression of TG2 in a cancer cells/fibroblasts co-culture, which showed
an EV-mediated increase of TG2 on the surface of cancer cells and a non-EV
mediated decrease of TG2 expression in the fibroblast surface. TG2 activity was
further explored in hepatic stellate cells, crucial cellular components of liver
metastasis. Finally, a pilot biomarker study on a small cohort of patients was
performed, using multivariate analysis of cell responses to plasma-derived EVs
and was able to separate patients according to disease stage.

The 3D models established and validated provided biomolecular information
about the complex milieu of factors involved in CRC progression, including EVs,
thus confirming the importance of 3D culture modelling in pre-clinical research.
Moreover, this study was able to demonstrate key roles of cancer EVs on cellular
activities which could then be translated for the development of alternative
screening and prognostic approaches which may have application in improving
the early diagnosis of patients with CRC.
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components of the TME. CRC develops from aberration of epithelial cells. The
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apoptotic events. Extracellular matrix (ECM) stiffening and cross-linking driven by
cancer associated fibroblasts (CAFs) surround the tumoral mass. Immune cells,
such as macrophages, infiltrate and play pro and anti-cancer roles. Endothelial
cells create new abnormal capillaries for the sustainment of the tumoral mass.
EMT processes are the early sign of cancer malignancy. ........ccccccvvvveeeeeeeeeeennn. 9

Figure 1.4. The pre-metastatic niche. Main players investigated in the PMN.
Cancer EVs have been considered the key mediators in the establishment of the
PMN. Extravasation and survival of circulating cancer cells depends on
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Figure 1.5. 3D models used in cancer. Schematic representation showing the
different types of 3D models adopted in cancer research. User-friendly 3D models
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Figure  2.1. Schematic of Chapter 2  experimental  design.
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Figure 2.2. 3D models of invasion (A) Transwell model (B) Gel spheroid model;
(C) Cancer cells spheroid model. A nutrient gradient was present in each model
to drive cancer Cell INVASION. ........cooiiiiiiiii e 42

Figure 2.3. Serum free condition and EV-depleted serum-enriched condition in
bioreactor flasks. Schematics of Wheaton® CELLine™ Adherent bioreactor
flasks showing the two alternative conditions investigated. (A) Serum free CM
was replaced to the cell compartment after 10 days of equilibration. (B) EV-
depleted media was replaced to the cell compartment after 10 days of
equilibration. The media in the outside compartment was also replaced with
DMEM with 5% FBS media instead Of 10%0. .........uuiiiiiiiiiiiiiiiii e 45

Figure 2.4. Setting of quantitative measurements of invasion. Representative
histological image showing the measurements on the invasion of SW480 cells in
the stroma. Measurements were performed with ImageJ software (n=2 for each
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Figure 2.5. 3D models of CRC invasion. H&E of sections from day 1 and day 3
3D cultures. (A) Transwell model; (B) Gel spheroid model; (C) Embedded



spheroid model. Cancer cells indicated by the black arrows; fibroblasts indicated
by the red arrows. Scale bar =50 M. .....coooiiiiiiiiiie e 50

Figure 2.6. Gel contraction. (A) Schematic representation of gel contraction in the
Transwell™ inserts. (B) Photograph of contraction of the gel at day 7. (C)
Representative H&E from 3D models at day 1, day 3 and day 14 of culture (n=1).
Maximum diameter length measured with Image J software. .............cccevvvnennn. 51

Figure 2.7. Example of histological staining of CRC invasion 3D models. (A) H&E
of sections from day 7 and day 14 of the 3D culture showing the areas of cancer
invasion (20X). Clusters of SW480 cells that invaded in the collagen matrix are
indicated with arrows: white arrows = clusters attached to the front of invasion,
black arrows = distant clusters. (B) Masson’s Trichrome staining of sections from
day 14 of 3D culture. Higher magnification images shown in inserts. ............... 52

Figure 2.8. Proliferation of SW480 in the 3D model of invasion. Representative
image of IHC for Ki67 (brown staining) marker of proliferation at day 7 and day
14 of the culture. Black arrows indicate the cells positive for Ki67. Haematoxylin
as nuclei counter stain (blue). Scale bar =50 PM. .......oooviiiiiiiiiiii 53

Figure 2.9. Protein concentration, size and particle count and marker of SW480
and SW620 EV fractions from serum free conditioning. (A) BCA assay of fractions
from SEC for SW480 and SW620 CM. (B) Size obtained with nanoparticle
tracking analysis (NTA) of the three fractions with highest protein concentration;
Mean + SEM (n=3). (C) Particle counts obtained with NTA of the three fractions
with highest protein concentration; Mean + SEM (N=3)..........cccccoeviiiiiiiviiiiinnnnn. 54

Figure 2.10. BCA Assay of CM from serum free bioreactors and EV-depleted
serum-enriched bioreactors. Early harvest indicates CM collected in the first two
weeks of the bioreactor life. Late harvest indicates CM collected after two months
of the bioreactor life. (A) BCA Assay of the CM from serum free bioreactors. (B)
BCA Assay of the CM from EV-depleted serum-enriched bioreactors............... 55

Figure 2.11. SW480 and SW620 EVs from EV-depleted bioreactors. (A) Western
blot for TSG101 and GM130 of SW480 and SW620 EV fractions. (B) TEM images
of CRC EVs. Scale bar = 200 nm. (C) Example of dot plots from NanoFCM
analysis. CD9 expression population gated and coloured in red. (D) Summary of
EV markers. Mean + SEM (n=3); (i) CD9, (ii) CD63, (iii) CD81 at three timepoints
of the bioreactor life. (E) NanoFCM particle size at three timepoints of the
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= 57

Figure 2.12. EV labelling showed presence of EVs in the 3D model of invasion.
Confocal images of SW480/SW620 EVs pre-labelled red with CellTracker™ Red
CMTPX inside the 3D model at day 7 of culture. Nuclei counter stained with DAPI
(blue). Scale Dar =5 M. ...ouiiiiiiiiiiiii 58

Figure 2.13. Quantitative measurements of SW480 invasion upon treatment with

CRC EVs. (A) Representative image of cluster cells (red), single cells (yellow).

(B) Ratio between single cell and cluster invasion in percentage. Particles < 70

um? were considered single cells. Particles > 70 um? were defined as clusters.

Mean + SEM (n = 3); ANOVA, ** P < 0.01. (C) Depth of invasion. Measurements

were taken in the regions where the invasion was > 50 pum inside the matrix. Min
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to max (n=3); Kruskal-Wallis ** P < 0.01, *** P < 0.001 (D) Length of clusters
invading in the matrix. Measurements were taken of the 10 biggest clusters that
were detached from the invasive layer per sample. Min to max (n=3); Kruskal-
Wallis * P < 0.05, *** P < 0.0001. (E) Areas of cluster cells. Min to max (n=3);
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Figure 2.14. EMT proteins expression in conditioned 3D models of invasion. (A)
Representative images of IF staining for E cad (red), N cad (green) and P120
(yellow) in CRC EVs treated 3D models. DAPI (blue) was used as counterstaining
for nuclei. All the captured images show the layer between the front of invasion
and the stroma. Scale bar = 20 um. (B) E cadherin (555 nm wavelength) mean
grey intensity. Median with 95% CI (n=3); Kruskal-Wallis **** P < 0.0001.(C) N
cadherin (488 nm wavelength) mean grey intensity. Mean £ SEM (n=3); ANOVA
** P <0.01, ™* P <0.0001. D) P120 (555 nm wavelength) mean grey intensity.
Median with 95% CI (n=3); Kruskal-Wallis **** P < 0.0001. ............cceevrrrrrvrnnnnn. 60

Figure 3.1. Schematic of Chapter 3 experimental design. .............cceevvvvvvvvnnnnnn. 70

Figure 3.2. EV pre-conditioning and SW620 invasion in the lung 3D model.
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Figure 3.3 Optimisation of MRC5 density in collagen/Geltrex gels. Representative
H&E images of MRC5 concentrations to mimic the density in the connective
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Figure 3.4 Histology and cytokine profile in 3D model of lung. (A) Representative
H&E staining of 3D lung at day 7 and day 14 of the culture. At day 7, magnification
of the border of the gel enriched by elongated cells. (B) Representative Masson’s
Trichrome staining of 3D lung at day 7 and day 14 of the culture. (C) MCP-1
expression; Mean £ SEM (n=3). RM-ANOVA. (D) IL-6 expression. Mean = SEM
(n=3). RM-ANOVA, * P < 0.05, *™ P < 0.01. E) IL-4 expression; Mean + SEM
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Figure 3.5 Cell markers IHC in the 3D model of lung. Representative images of
() a-SMA, (ii) CD68 and (iii) VWF expression, all stained brown. Examples of
positive cell staining are indicated by the black arrows. Haematoxylin as nuclei
counter stain (blue). Scale bar = 100 M. ......uuuiiiiiiiiiiiiiiiii e 81

Figure 3.6. Staining of cells in the 3D model of lung with Cell Tracker probes.
Representative images of lung fibroblasts (green), endothelial cells (red),
macrophages (purple). Scale bar = 20 um. (A) Living cell count from the staining
compared to the number of foci found with DAPI blue stain (n=3). ................... 82

Figure 3.7. EV uptake and cell morphology in lung stroma 3D model after CRC
EVs treatments. (A) Photograph of the lung stroma 3D model in the well-plate.
(B) Representative images of SW480 and SW620 EV uptake in the gel (red). Cell
nuclei counterstained with DAPI (blue). Scale bar = 5 pm. (C) Representative
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Figure 3.8. Cell count based of IHC of cell markers. Cell count normalised to mm?2.
(A) a-SMA expression. Mean + SEM (n=2). (B) VWF expression. Median = 95%

v



Cl (n=3). Kruskal-Wallis. (C) CD68 expression. Mean = SEM (n=3). ANOVA. .84

Figure 3.9. MALDI-MS profiling spectra comparison of different techniques. (A)
Comparison of spectra from the digestion with trypsin and the digestion with
COLase lll. (B) Comparison of mass resolution and intensity with Synapt G2 and
MRT instruments; (i) Magnification of the ion cluster at m/z 1562. ................... 85

Figure 3.10. MALDI MRT average spectra of lung 3D model treated with CRC
EVs. Average spectra visualised with mMass. Mass range 800 — 2400 m/z. CTRL
spectrum in positive offset, SW620 EVs spectrum in negative offset................ 89

Figure 3.11. Multivariate analysis on MS profiling of lung 3D model. (A) PCA
unsupervised, treatment groups not considered for the analysis. (B) PLS-DA
supervised, treatment groups considered for the analysis. (C) VIP score showing
the top 15 discriminatory m/z signals between the groups. CTRL = PBS control.

Figure 3.12. SW620 cells invasion after the treatment with CRC EVs. (A)
Representative images of the lung stroma 3D model after the CRC EVs
conditioning and the SW620 cells invasion (red cells). (B) Mean grey intensity of
celltracker™ CMTPX Red staining. Individual values and mean = SEM (n=3);
ANOVA, *P S0.05. . 91

Figure 3.13. Expression of cell markers based on IHC positivity after SW620
invasion. Lung cell count normalised to mm?. (A) aSMA expression. Individual
values + mean (n=3); ANOVA * P < 0.05. (B) vVWF expression. Individual values
+ mean (n=3). ANOVA. (C) CD68 expression. Individual values + median (n=4).
Kruskal-Wallis. (D) Representative image of ROI selected for the Ki67 cell count
(brown). (E) Ki67 expression in the SW620 clusters. Individual values + mean
(n22). T test on PBS vs SW620 EVSs, P < 0.05. ......ouvviviiiiiiiiiiiiiiiiiiiiiiiiianns 92

Figure 3.14. Pro-inflammatory cytokines expression in the secretome of the lung
stroma 3D model. Comparisons conditioning/post-invasion were performed on
the three treatments individually. (A) IL-6 concentration. Median with 95% CI
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MCP-1 concentration. Mean = SEM (n=3). T test. (D) TIMP-1 concentration.
Median with 95% CI (n=3). MW. (E) TIMP-2 concentration. Mean + SEM (n=3); T
test, *P < 0.05. . 93

Figure 3.15. Dot blots of cancer-related collagens. (A) Collagen type Il
expression. Mean + SEM (n = 2). (B) Dot blots of collagen type lll. (C) Collagen
type VI expression. Mean + SEM (n = 2). (D) Dot blots of collagen type VI. (E)
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Figure 4.1. Schematic of Chapter 4 experimental design. ........ccccccvvvvviviennnn. 106

Figure 4.2. Gating strategy for the evaluation of co-culture induced TG2. Co-
culture (MRC5/SW480) and mono-culture expression of TG2 with flow cytometry.
After the selection of the living cells, MRC5 were distinguished by SW480 in the
co-culture model according to staining positivity. FMO controls were employed to
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were employed to determine the positive TG2 cells..........cccooeeiviiiiiiiiiiiiinnene, 112

Figure 4.3. MRC5/SW480 co-culture altered expression of TG2. (A)
Representative images of passive co-culture staining with CellTracker™ dyes.
Green CMFDA used for MRC5 staining and Red CMTPX used for SW480. DAPI
counterstain. (B) FlowJo histograms of TG2 levels. Modal overlay scaling. Red =
monoculture, blue = co-culture, yellow = co-culture with DMA; (i) MRCS5, (ii)
SW480. (C) Median fluorescence intensity of TG2; (i) MRC5. Mean + SEM (n 2
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Figure 4.4. TG2 expression in MRC5 mediated by CRC proteins. (A) Gating
strategy for the evaluation of TG2 expression in MRC5. Threshold of positivity
selected from the secondary only control. (B) FlowJo histogram of TG2
expression. Smoothing applied. Modal overlay scaling. (C) Median fluorescence
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Figure 4.5. TG2 expression in the 3D model of CRC invasion. (A) Representative
images of TG2 IF (green) around SW480 clusters. Dapi as counterstaining (blue).
Scale bar = 10 um. (B) Region of interest selected for the quantitative
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Figure 4.6. a-SMA protein expression with IF and gene expression in HSCs. (A)
Levels of a-SMA in the three patient derived HSCs. Mean = SEM.(B) Summary
of the levels of a-SMA expression (mean grey value). Mean + SEM (n = 3).
ANOVA, * P < 0.05, ™ P < 0.005. (C) Representative images of a-SMA
expression (red) with DAPI as counterstaining (blue). Scale bar = 100 pm. (D)
gPCR data of a-SMA expression in patients HSCs. AACq normalisation to
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Figure 4.9. TG2 expression in HSCs decellularised matrix and TG2 gene
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Median £ 95% CI (n 2 3). Kruskal-Wallis. (C) Representative images of isotype
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Figure 4.10. Fibronectin gene expression in liver fibrosis patients HSCs. (A)
gPCR data of COL1 expression in patients HSCs. AACq normalisation to
housekeeping gene RLPO. Mean + SEM. (B) Summary of FN expression. Mean
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Figure 4.12. Pro-inflammatory cytokine release by liver fibrosis patients HSCs.
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Figure 5.2. Metabolic assays on SW480 after treatment with CRC EVs. (A)
SW480 proliferation with Alamar blue assay. Data were normalised to the PBS
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Figure 5.3. Scratch Assay on SW480 after treatment with CRC EVs. (A)
Representative images of scratch wound assay on SW480 cells. Black lines
indicate the perimeter of the wound area. Scale bar = 500 um. (B) Summary
graph of scratch wound assay showing wound healing ability of SW480 cells.
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Figure 5.4. SW620 EVs effects on SW480 cytokine expression. (A)
Representative chemiluminescent acquisition of the cytokine array membranes.
(B) Cytokines found with the highest signal. Densitometry data normalised to the
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CRC EVs. (A) MRC5 cells metabolic activity with Alamar blue assay. Data were

normalised to the control; Median with 95% CI (n = 5); Kruskal-Wallis, *** P <
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Figure 5.6. Scratch Assay on MRC5 after treatment with CRC EVs. (A)
Representative images of scratch wound assay on MRCS5 cells. Black lines
indicate the perimeter of the wound area. Scale bar = 500 um. (B) Summary
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0.01. (E) MCP-1 concentration in MRC5 supernatant. Median with 95% CiI;
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Figure 5.14. Principal component analysis and partial least squares discriminant
analysis score plots. Cell responses assays on SW480 and MRC5 were
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Figure 6.1. Preliminary optimisation of MALDI-MSI for 3D model of invasion. (A)
Representative H&E image of the 3D model. (B) Representative m/z signals
found in the 3D model after tryptic digestion. Arbitrary colours: red = m/z
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Abbreviations

2D = two dimensional

3D = three dimensional

Ab = antibody

ABC = avidin-biotin complex

ABTS = 2,2’-azino-bis (3-ethylbenz-thiazoline-6-sulfonic acid) disodium salt
ACTA-2 = a-smooth muscle actin gene

ADAM = a disintegrin and metalloproteinase

ADAMT = a metalloproteinase with thrombospondin motifs
ALIX = ALG-2-interacting protein X

ANOVA = analysis of variance

APC = adenomatous polyposis coli gene

BCA = bicinchoninic acid

BRAF = mitogen-activated protein kinase (MAPK) pathway
BSA = bovine serum albumin

CAF = cancer-associated fibroblasts

CDM = cell derived matrix

CIMP-H = genome hypermethylation

CM = conditioning media

CO1A1 = collagen | gene

COz2 = carbon dioxide

CO3AL1 = collagen Ill gene

CO6A1 = collagen VI gene

CO7A1 = collagen VIl gene

COBAL1 = collagen XI gene

COL1 =collagen |

COLase Il = bacterial collagenase llI

CRC = colorectal cancer

CSC = cancer stem cell

CTLA-4 = cytotoxic T-lymphocyte-associated protein-4
DAB = 3,3-diaminobenzidine tetrahydrochloride

DAPI = 4',6-diamidino-2-phenylindole



DC = dendritic cell

DELFIA = dissociation-enhanced lanthanide fluorescence immunoassay
DMA = dimethyl amiloride

DMEM = Dulbecco’s Modified Eagle Medium
ECACC = European Collection of Authenticated Cell Cultures
E-cad = E-cadherin

ECM = extracellular matrix

EGF = epithelial growth factor

EGFR = epithelial growth factor receptor

ELISA = enzyme-linked immunosorbent assay
EMT = epithelial to mesenchymal transition
ESCRT = endosomal sorting complex required for transport
EtOH = ethanol

EV = extracellular vesicle

FBS = foetal bovine serum

FFPE = formalin-fixed paraffin embedded

FIT = faecal immunochemical test

FN = fibronectin

FOBT = faecal detected occult blood

GDF-15 = growth/differentiation factor 15

GM130 = Golgi matrix protein 130

H&E = Haematoxylin/Eosin

H20 = water

HC = healthy control

HCI = hydrochloric acid

HGF = hepatic growth factor

HIAR = heat-induced antigen retrieval

HPLC = high-performance liquid chromatography
HRP = horseradish peroxidase

HSC = hepatic stellate cell

HUVEC = human umbilical vein endothelial cells
IBD = immune bowel disease

IEC = intestinal epithelial cell
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IF = immunofluorescence

IgG = immunoglobulin

IHC = immunohistochemistry

IL = interleukin

ILV = intraluminal vesicles

IMS = industrial methylated spirit

IQR = interquartile range

ISC = intestinal stem cell
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1 Introduction



1.1 Colorectal cancer background and progression

1.1.1 Clinical background and epidemiology

Colorectal cancer (CRC) or bowel cancer is the third most common cancer
worldwide, being responsible for 10% of cancer-related deaths in developed
countries (Li et al., 2021; Siegel et al., 2023). Incidence and mortality greatly vary
depending on sex, with 25% less diagnosis in women compared to men. Being
associated with increased wealth and progress in developing countries, it is
predicted that there will be 2.5 million new cases for 2035 (Dekker et al., 2019).
Whilst hereditary cases are limited to 6-10%, a large proportion of patients
develop CRC sporadically, with the risk increasing when present with other
pathologies (e.g. inflammatory bowel diseases, diabetes mellitus and ulcerative
colitis) and environmental causes, such as smoking, alcohol and increased body
weight. Although CRC mainly affects individuals over 50, in the last few years
there has been an alarming increase in the incidence of young patients (7.9% in
20-29 years old) (Kanth & Inadomi, 2021; Vuik et al., 2019). Approximately 35%
of CRC patients reach stage IV - in which the tumour becomes metastatic and
invades different organs - and the five-year survival rate of these patients is less
than 10% (Siegel et al., 2023). Generally, the most common sites of metastasis
are liver, lungs and peritoneum, whilst cerebral metastasis is uncommon (Field,
2007).

The multifactorial origin of CRC leads to high phenotypic and molecular
heterogeneity that can be distinct for each patient. For this reason, the molecular
processes involved in the pathogenesis of CRC are not completely understood.
This makes it difficult to detect reliable biomarkers for an early diagnosis and to
correctly predict the prognosis of the patients (Martini et al., 2017). Currently,
colonoscopy is the gold standard for the diagnosis of CRC with complementary
CT scans (Kuipers et al., 2015). However, the discovery of biomarkers is crucial
for all the steps of patient care, including early diagnosis, prognosis and therapy
monitoring. Alongside the invasive strategies to obtain tissue biopsies during
colonoscopy, liquid biopsies have been sought after to improve screening uptake
and outcomes (Zygulska & Pierzchalski, 2022). In the UK there are currently two
screening programs based on biomarker discovery; the first is the faecal detected
occult blood (FOBT) and the second is the faecal immunochemical test (FIT).

Both screening programs are utilised before invasive colonoscopy and have
2



contributed to the decrease of the overall mortality rate. These tests are however
not always effective in early-stage CRC, which are mostly asymptomatic, making

early diagnosis challenging.

If the patient presents in the early stages of the disease, endoscopic based
resections and surgery resections are the main choices to manage the primary
tumour (Jayaram et al, 2019), whilst adjuvant chemotherapy with
fluoropyrimidines in combination with leucovorin or oxaliplatin is recommended
for grades llI-IV CRC (Field, 2007). According to the type of cancer, biologic
treatments, such as monoclonal antibodies, may be prescribed to support the
chemotherapy (Mahipal & Grothey, 2016). In CRC, the first validated and
currently most prescribed monoclonal antibody is Bevacizumab, which targets
vascular endothelial growth factor (VEGF), and is mainly used to support

chemotherapy in advanced and metastatic CRC (Kazazi-Hyseni et al., 2010).

1.1.2 Pathogenesis of colorectal cancer

In terms of phenotype, early-stage CRC is characterised by malignant polyps in
the affected epithelial areas of the colon called colonic glands. Polyps are
sporadic protrusions occurring in the epithelium of the intestine. Although most
are benign, they can progress to malignant when genetic and epigenetic
instabilities occur. Despite the molecular heterogeneity complicating CRC cases,
many cases present the adenoma-carcinoma sequence, in which chromosomal
instabilities (CIN) are accompanied by a specific series of mutations responsible
for the transformation from a healthy bowel to an adenoma neoplasia and

progressively to carcinoma (Malki et al., 2020).

The first genetic event in the canonical pathway (70% cases) is the disruption of
the adenomatous polyposis coli gene (APC) and activation of the essential
wingless-related integration site (WNT) signalling cascade, that regulates the
self-renewal of the epithelial stem cells, amongst other roles (Schneikert &
Behrens, 2007). In the physiological context, the WNT cascade ending with the
translocation of the transcription factor p-catenin to the nucleus, is highly
regulated since it works as a pro-survival signal for the colonic stem cells (CSCs)
present at the base of the glands (Mah et al., 2016). APC encodes for a protein
that inhibits the pathway, leading eventually to the degradation of B-catenin.

Alteration in the APC gene results in the production of a truncated protein, that
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loses its ability to bind to B-catenin, thus sustaining a prolonged activation of the
pathway (Zhao et al., 2022). This earliest mutation is then followed by the
activation of the proto-oncogene Kirsten rat sarcoma virus (KRAS), loss of
function of tumour suppressor gene TP53 and loss of heterozygosity (LOH) in the
short arm of chromosome 18. The cell of origin in which all these events take
place is still debated, whether intestinal epithelial cells (IECs), stem cells or both
(Huels & Sansom, 2015). There is a strict relationship between the two cell types,
since ISCs are responsible for the renewal of IECs, which reside above them in
the glands of the colon. Both cell-types have shown potential for adenoma
formation through a depletion of APC; however, IECs induce adenoma only if
additional conditions, such as inflammation combined with multiple mutations, are
present (Huels & Sansom, 2015).The serrated pathway (10-20% of cases)
follows the adenoma-carcinoma sequence, but it is generally accompanied by a
cancer in the proximal region with good prognosis (De Palma et al., 2019).
Mutations in the mitogen-activated protein kinase (MAPK) pathway (BRAF) and
genome hypermethylation (CIMP-H) are responsible for inducing serrated
adenomas, followed by MutL homolog 1 (MLH1) promoter methylation and
microsatellite instability-high (MSI-H). Alternative pathways have been recently
observed (30% of cases), characterised by higher molecular heterogeneity and
poorer prognosis, therefore increasing the unpredictability of the disease. Details
on their mechanism of action have been extensively reviewed previously (Kasi et
al., 2020; Yamagishi et al., 2016).

1.1.3 Metastatic colorectal cancer

At late stages of CRC (lll - V), patients present with metastasis in different
organs. Approximately 35% of patients are diagnosed with spread to lymph nodes
and close organs, while 20% of patients are diagnosed with ongoing distant
metastasis (Siegel et al., 2023). Of the patients with metastasis, around 70%
have metastasis in the liver, 48% in the lungs, 16% in distant lymph nodes, and
15 % peritoneum (Holch et al., 2017).

The progression of the understanding of biological processes has contributed to
new therapeutic strategies, meaning that metastatic CRC is no longer considered
incurable (Morris et al., 2023). However, with the survival rate lower than 10% in

metastatic patients, the need for understanding of biomolecular processes and



identification of potential targets to be translated into clinical phase is of high

demand.

1.2 Cancer cell plasticity and metastasis

The establishment of metastasis in all cancers is characterised by a series of
events that are recognised as cancer hallmarks (Hanahan, 2022; Hanahan &
Weinberg, 2011) and have been extensively reviewed (Fares et al., 2020;
Majidpoor & Mortezaee, 2021; Zhuyan et al., 2020). Previously, the metastatic
process was thought as a linear sequence of steps. The first step was the
detachment of cells from the primary mass that migrate towards the closest
capillaries, cross the basement membrane and intravasate to the blood.
Circulating cancer cells adapt to the physical flow in the blood to then extravasate
and colonise the new site (Fares et al., 2020). However, recent evidence
suggests the process may be more complex, with metastasis occurring early and
disease progression developing simultaneously at the primary and metastatic
sites (Figure 1.1) (Majidpoor & Mortezaee, 2021). Plasticity of cancer cells is a
crucial feature that allows them to change polarity and adapt cellular pathways to
survive in heterogeneous environments throughout the process (Friedl, 2004).
Components of the tumour microenvironment (TME) surrounding the tumour are

also fundamental in regulating the process and allowing metastatic spreading.

Primary site Circulation Metastatic site
PROLIFERATION INTRAVASATION PRE-METASTATIC NICHE
TUMOUR ESCAPE DISSEMINATION MICROMETASTASIS

MICROENVIRONMENT EXTRAVASATION COLONISATION

Figure 1.1. The metastatic process. Red arrows indicate the linear canonical process which
coincides with the cellular steps towards metastasis. TME supports progression and in the
migration of cancer cells in the primary sites. In the metastatic site, the establishment of the pre-
metastatic niche (PMN) is considered an early event.

1.2.1 Tumour escape and invasion modalities

One of the first events in which the extreme plasticity of cancer cells can be
observed is tumour escape. Cancer cells need to detach from the primary mass

and invade the surrounding tissue to reach the circulation. It was initially thought
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that the only way for a cancer cell to invade was to singularly detach and travel
through the stroma (Martin & Jiang, 2009). Subsequently, different ways of
collective migration have now been discovered (Figure 1.2) (Friedl et al., 2012).

Primary site Circulation Metastatic site

} 7 } }
71 LS

Figure 1.2. Modalities of invasion in CRC. Detachment from the primary mass can be collective
or individual (Pandya et al., 2017).

1.2.1.1 EMT and individual migration
In epithelial cancers such as CRC, the phenotype of cancer cells switching to a
mesenchymal phenotype through epithelial-to-mesenchymal transition (EMT) is

now well established (Ribatti et al., 2020). EMT is a unique cellular process
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physiologically active in embryonic epithelial cells that are destined to form the
mesoderm. Cancer cells undergo EMT during invasion to acquire a series of
advantages, such as resistance to programmed cell death (apoptosis or anoikis)
and degradation of extracellular matrix (ECM) (Ribatti et al., 2020). Through EMT,
cancer cells lose cell-cell adhesions, celllECM adhesions and acquire an
elongated shape. E-cadherin (E-Cad) is a cell-cell adhesion protein responsible
for epithelial junctions and is the most well characterised protein lost during EMT
(Bruner & Derksen, 2018). At the same time, molecules associated with
mesenchymal feature are expressed by cells undergoing EMT, including N-
cadherin (N-cad) and vimentin. The switch between E-cad and N-cad is generally
used to identify EMT events and is often the initiating stage for cell detachment
from other epithelial cells expressing E-cad (Loh et al., 2019). Once the invasive
cancer cells have reached their destination and are ready to colonise, EMT can
be reverted through mesenchymal-to-epithelial transition (MET) (Thiery et al.,
2009). Alongside the mesenchymal differentiation, amoeboid migration has also
been observed, less frequently in CRC due to the epithelial origin (Pankova et
al., 2010). Amoeboid movements consist of continuous contraction and

expansion monitored by actin and myosin in the cytoskeleton (Sahai et al., 2007).

1.2.1.2 Collective invasion and tumour budding

The EMT/MET exchange is not exclusively binary. EMT can happen patrtially,
allowing cells to maintain some adhesion with each other, whilst acquiring the
resistant feature of mesenchymal cells in the stroma (Saitoh, 2018). This partial
EMT has been associated with more collective forms of invasion. Tumour
budding (TB) consists of small clusters of cells close to the front of invasion, which
is the border of between the primary mass and the stroma. TB is extensively
found in CRC and is still linked with EMT and downregulation of E-Cad (De Smedt
et al., 2016). Poorly differentiated clusters (PDCs) have also been defined and
are distinguished from TB according to a cut-off in the number of cells, up to five
cells for TB and over five for PDCs. Despite the formal distinction between the
TB and PDCs, they are similar in their intermediate EMT properties, and also by
their unfavourable link to prognosis in CRC (Shivji et al., 2022). Whether PDCs
are just a further development of TBs or they are two different processes is not
fully understood. When invasion is driven by cell-cell adhesions, cells move in
large masses, identified as collective invasion (Friedl et al., 2012; llina et al.,
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2020). In these clusters, leader cells are identified at the front of the clusters as
the only one acquiring partial mesenchymal features. These leader cells

determine the invasive pathway by remodelling the surrounding stroma.

Cancer cell plasticity allows for switching between these different mechanisms,
resulting in the display of multiple modalities of invasion simultaneously. Initially
a spontaneous event, plasticity in invasive behaviour is further driven by
biomechanical forces and cellular signalling within the tumour stroma (Friedl,
2004; llina et al., 2020).

1.2.2 Colorectal cancer and the tumour microenvironment

As previously mentioned, high phenotypic and molecular heterogeneity can be
observed between CRC patients. This is partly due to the molecular events
involved in tumour formation and progression, which do not rely just on a mass
of highly proliferating cells, but on interaction of these malignant cells with the
environment around them, creating an effective organ-like system defined as the
tumour microenvironment (TME) (Balkwill et al., 2012). Inside this complex and
unigue microenvironment, host cellular and non-cellular components interact with
the malignant cells, resulting in disrupted homeostasis, with both positive and
negative contributions to the disease (Balkwill et al., 2012). Despite the
mechanisms of TME being common across cancer types, it is possible to isolate
specific behaviours and molecular mechanisms in the CRC microenvironment
(Figure 1.3). Local elements surrounding the tumour region, such as infiltrating
immune cells and stromal components of the tissue, are commonly involved in
the TME of all cancer types. Their behaviour is frequently tumour-specific,

emphasising the need to understand the TME and its role in CRC.
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Figure 1.3. Schematic representation of CRC TME. Main cellular and extracellular components
of the TME. CRC develops from aberration of epithelial cells. The expanded tumoral mass is
constituted of cancer cells, hypoxic cancer cells and apoptotic events. Extracellular matrix (ECM)
stiffening and cross-linking driven by cancer associated fibroblasts (CAFs) surround the tumoral
mass. Immune cells, such as macrophages, infiltrate and play pro and anti-cancer roles.
Endothelial cells create new abnormal capillaries for the sustainment of the tumoral mass. EMT
processes are the early sign of cancer malignancy.



1.2.2.1 Cellular interactions within the tumour microenvironment

The stroma encloses the structural tissues of the organs, in which resident cells
co-actively function around a dense net of ECM that allows cell migration and
exchange of nutrients (Xu et al., 2022). In the presence of cancer, the stroma
becomes a key source of exchange between the tissues and cancerous cells and
can independently contribute to tumour progression. Many normal stromal cells
in the presence of cancer can be activated and acquire phenotypes coupled to

pro-tumour activities.

1.2.2.1.1 Immune system

The relationship between the immune system and cancer is complex, resulting in
pro and anti-tumour functions at the same time (Cui et al., 2013; Koido et al.,
2005; Tachibana et al., 2005). From one side, the tumour is recognised by the
host physiology as an alteration of the homeostasis. As such, cells from the innate
and adaptive responses are recruited into the TME and they can infiltrate or
interact with the malignant cells in multiple ways, either through adhesion
molecules or paracrine signalling (Zhang et al., 2020). In the early stages of
cancer, tumour antigens are recognised and processed into peptides by resident
dendritic cells (DCs), which are antigen-presenting cells able to stimulate the
immune response of CD4+ and CD8+ lymphocytes (Koido et al., 2005). CD8+ T
cytotoxic cells recruited to and infiltrating the stroma have been shown to
generate an anti-tumour response, increasing the overall survival, and are thus
considered positive prognostic markers (Makaremi et al., 2021). On the other
side, immunoediting, which enables the tumour to evade the immune response,
and the presence of a strong inflammatory response in the bowel have been
clearly associated with disease progression (Hanahan & Weinberg, 2011). In
many cancers, immunosurveillance is also led by natural killer cells (NK),
lymphocytes acting during the innate immune response, which are however
found decreased in CRC (Jobin et al., 2017)

Inflammation is commonly observed in the colon, and persistent inflammatory
signalling is a hallmark of cancer (Hanahan & Weinberg, 2011). There are high
rates of people affected by inflammatory bowel diseases (IBD) (30-50% increase
in the last 10-20 years) (Caviglia et al., 2023; Freeman et al.,, 2021), a
multifactorial disorder, resulting in an inappropriate immune response and

chronic inflammation. IBD patients are at increased risk of developing CRC,
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associated with molecular changes leading to a inflammation-dysplasia-
adenocarcinoma histologic pathway, rather than the sporadic sequence (Axelrad
& Shah, 2020; Feagins et al., 2009). Resident stromal macrophages also undergo
differentiation, constituting the first mechanism of defence against the tumour by
actively removing cancer cells by phagocytosis, but they can also become
tumour-associated macrophages (TAMs) with contrasting functions (Mehla &
Singh, 2019). In normal conditions, macrophages possess significant plasticity to
switch between different phenotypes; the two main types being M1, which
initiates the response to pathogens and M2, responsible for wound repair. These
two phenotypes contrast each other in terms of inflammatory response, since M1
macrophages can be considered to positively contribute to inflammation while M2
resolve it (Shapouri-Moghaddam et al., 2018). In cancer, TAMs that infiltrate are
considered crucial for the progression of the disease and they mostly assume an
M2-like phenotype (Mehla & Singh, 2019). Surprisingly, although the ratio M2/M1
is high even in CRC, studies on TAMs report contrasting actions on the tumour
site; several pieces of evidence show pro-tumorigenic activity, with TAMs
predicting an increased occurrence of liver metastasis (Cui et al., 2013), while
other studies correlate TAMs with an improved overall survival (Cavnar et al.,
2017; Koelzer et al., 2016).

Immunotherapy is a recently developed strategy to fight CRC and is based on
targeting and reducing immune escape (Golshani & Zhang, 2020). The
heterogeneous response of the immune microenvironment in CRC complicates
the use of immunotherapy as an alternative treatment of the disease. Cytotoxic
T-lymphocyte-associated protein-4 (CTLA-4) and programmed cell death protein
1 (PD-1) are immune checkpoint proteins, that once upregulated, are responsible
of downregulation of lymphocytes response and immune escape (Makaremi et
al., 2021). Currently, only few immune checkpoint inhibitors against CTLA-4 and
PD-1 have been approved to be used in CRC as adjuvant therapy. However, side
effects (auto-immune responses) and poor response rates (15-30% in most
cancers) still limit the use of immune checkpoint inhibitors (Das & Johnson, 2019).
Understanding the key roles of the immune compartment is therefore critical to

develop the early promise of immunotherapy (Ganesh et al., 2019).
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1.2.2.1.2 Cancer-associated fibroblasts

Fibroblasts are the major cellular component in the stroma and provide structure
and growth factors for sustaining tissue homeostasis. During physical injury, they
can transform into myofibroblasts, an active phenotype with enhanced
expression of alpha-smooth muscle actin (a-SMA) (Hinz, 2016). As
myofibroblasts, they secrete collagen and proteins of the ECM to aid wound
healing. A similar event has been found in cancer progression, in which
fibroblasts assume an a-SMA positive myofibroblast-like phenotype referred to
as cancer-associated fibroblasts (CAFs) (Shiga et al., 2015). Among the factors
involved in the trans-differentiation of fibroblasts into CAFs, transforming growth
factor-B (TGF-B) has been identified as the main mediator (Calon et al., 2014).
TGF- activates CAFs to secrete proteinases and other factors, including TGF-3
itself, thus creating a feedback loop of enriched TGF-B in the TME (Hawinkels et
al., 2014).

Although the main origin of CAFs is resident stromal fibroblasts which then hyper
proliferate, other mesenchymal cell types, such as pericytes, adipocytes,
endothelial cells and mesenchymal stem cells, can become CAF like (Deng et
al., 2021). This leads to the creation of a variety of CAF subtypes, with diverse
behaviours and functions that contribute to cancer progression (LeBleu & Kalluri,
2018). This phenotypic diversity still needs to be fully explored (Liu et al., 2019;
Shiga et al., 2015), but the main role of CAFs is clear — they are promoters of
tumorigenesis, cancer progression and invasion. Because of CAFs
heterogeneity, a diverse variety of marker proteins have been identified (Deng et
al., 2021). Using new high-throughput screening and omics technologies, it is
possible to obtain information about the heterogeneity of CAF phenotypes. With
this type of technique, two main subsets of CAFs were found in CRC, CAF-A with
an intermediate phenotype, and fully activated CAF-B (Li et al., 2017). Very
recently, a database called CAFrgDB has been developed to collect CAFs
genetic and functional information (Foster et al., 2022; Yuan et al., 2023). In
breast cancer for example, a wide range of phenotypes has already been defined
(Elwakeel & Weigert, 2021). Identifying the CAF subtypes in CRC can help in the
discrimination of targeted therapies and adjuvants. There is growing evidence
that CAF influence the immune response and dysfunctions in CRC. Also, they

have been associated with TAMs due to the shared stromal space (Gunaydin,
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2021; Zhang et al., 2019) and they are responsible to induce TAM M2 phenotype
(Zhang et al., 2023).

CAFs are known to be major constituents of the TME that contribute to cancer
cell EMT. They do so by different mechanisms according to the type of cancer
(Goulet et al., 2019; Xuefeng et al., 2020; Yang et al., 2023). Increased
expression of Leucine Rich Alpha-2-Glycoprotein 1(LRG1) in CRC cells was
shown to be induced by CAFs and to promote CRC cell EMT (Zhong et al., 2021).
In CRC, CAFs have been shown to express high amounts of Wnt2, activating the
canonical Wnt/B-catenin pathway and promoting cancer cell migration and

progression (Aizawa et al., 2019).

1.2.2.1.3 Endothelial cells and angiogenesis

Vascularisation is an important step in cancer progression. Not only does it
contribute to the delivery of growth factors and nutrients for the sustainment of
the tumoral mass, but it also mediates the infiltration of immune cells (Al-Ostoot
et al., 2021). Under normal conditions, the formation of new vessels is controlled
by a balance between pro- and anti-angiogenic factors. In cancer, this balance is
disrupted and pro-angiogenic factors prevail to significantly induce angiogenesis
(Al-Ostoot et al., 2021).

Endothelial cells are elongated cells that constitute the inner monolayer of
vessels by the formation of tight junctions, thus being responsible for the barrier
between tissues and circulation (Pugsley & Tabrizchi, 2000). To sustain this
function, pericytes form tight junctions with the monolayer of endothelial cells,
helping in the defence of the barrier as well as in the sustainment of the
endothelial cells. In response to metabolic demand of a developing cancer, new
tumour endothelial cells and pericytes can derive not only from the normal
progenitors, but also from cancer stem cells (CSCs) (Lizarraga-Verdugo et al.,
2020). CSCs are a population of multipotent and self-renewing cells found in
many cancers. (Batlle & Clevers, 2017; Bonnet & Dick, 1997; Hervieu et al.,
2021). In CRC, endothelial differentiation was found arising from CSCs, as well
as poorly differentiated CRC cells (Liu et al., 2017; Shangguan et al., 2017). The
phenotype of tumour associated endothelial cells is different from normal
endothelial cells and this is reflected by the structure of the new capillaries, which
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are characterised by abnormal morphology, impaired flow, and leaky junctions
(Liu et al., 2017).

Tumour endothelial cells are also involved in the communication with cancer cells
through the release of cytokines and growth factors. VEGF released by cancer
cells is the main pro-angiogenic factor and it binds to its receptor (VEGFR) on
endothelial cell surfaces (Melincovici et al., 2018). In CRC, VEGF levels found in
tissue and in plasma correlate with disease advancement (Baker et al., 2019). In
metastasis, the role of endothelial cells is even more important, as the cancer
cells need to adhere to them to undergo extravasation (Zhang et al., 2022). After
extravasation, circulating cancer cells travel towards new sites of metastasis
where they require further adhesion to endothelial cells to infiltrate the new tissue.
E-selectin is an adhesion molecule found highly expressed in serum of metastatic
cancer patients and endothelial cells close to the metastatic site (McDonald et
al., 2009). CRC cells adhere to endothelial cells presenting E-selectin, by
expressing ligands such as neural cell adhesion molecule L1 (L1CAM)
(Deschepper et al., 2020). Other factors can contribute to these cell-to-cell
interactions and they can derive from early events of the disease progression,
such as EMT (Dou et al., 2021; Izutsu et al., 2022). Von Willebrand factor (VWF)
is a glycoprotein secreted by endothelial cells under physiological conditions to
recruit platelets where vascular injury is identified (Patmore et al., 2020). Its
evident increase in many cancers has been observed in recent studies exploring
coagulation. In breast cancer, the mechanism of VWF expression was related to
endothelial cell activation and secretion of Weibel-Palade bodies, which are
endothelial cell storage granules that contain mainly vVWF and P-selectin (Dhami
et al., 2022). In CRC, increased expression of vVWF is marker of poor prognosis

linked to higher mortality and thrombosis (Garam et al., 2018).

Despite a clear understanding of the role of endothelial cells in the advancement
of the disease, the factors that allow communication between endothelial cells

and cancer cells are still not fully characterised.

1.2.2.2 Extracellular matrix and colorectal cancer

The ECM surrounding cells in the stroma is a complex dynamic system of
macromolecules, essential for the biomechanical and structural properties of the
tissue. Within its composition, the ECM consists of fibrous proteins such as

collagen and elastin, polysaccharides and liquid space, creating a biological
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scaffold which is responsible for tissue organisation and supporting cell migration
(Theocharis et al., 2016). Cancer cells, which interact with the components of the
ECM through different receptors, can alter and deregulate this physiological
scaffold facilitating cancer progression. The ECM remodelling is a result of
biochemical and biomechanical events which impact on ECM homeostasis and
components both at the primary and at metastatic site (Winkler et al., 2020). A
list of the most recent findings on ECM proteins affected in CRC is summarised
in Table 1.1.

Frequently, the TME is characterised by a pronounced desmoplasia, which is
defined by excessive deposition of ECM components by cells like CAFs and
alterations in the ratio of the types of collagen present (Zeliz et al., 2020). The
deposited fibrils reorganise in an anisotropic alignment leading to an increase in
tumour stiffness frequently observed in primary and solid cancers (Han et al.,
2016). The mechanotransduction of cells within the stiff environment results in
the nuclear relocation of Yes-associated protein/PDZ binding motif (YAP/TAZ)
(Ishihara & Haga, 2022), which in turns activates a series of events linked to
cancer progression, including EMT (Cheng et al., 2020). The increase of matrix
stiffness is linked to tumour progression and invasion towards metastasis
(Brauchle et al.,, 2018; Levental et al., 2009). Alignment of the ECM fibrils
supports the change in cell polarity which is essential for migration once
detaching from the primary tumour (Ray et al., 2017). Enzymes, such as lysyl
oxidases (LOXs) and transglutaminases (TGs) catalyse covalent cross-links of
ECM collagens and elastin, contributing to matrix stiffness (Baker et al., 2011,
Yuzhalin et al., 2018). LOX activity has been mainly associated with aggression
and it is considered a CRC metastatic biomarker (Liu et al., 2018; Murdocca et
al., 2019; Wei et al, 2017). On the contrary, TGs and in particularly
transglutaminase-2 (TG2) have shown opposing and context-dependent
functions, which still requires clarification (Tempest et al., 2021).
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Table 1.1. ECM proteins with a function in CRC. Most recent findings of upregulated ECM

proteins in CRC.

ECM component | Modification Role Reference
Collagen | Increased expression | Induce metastasis and | (Wu et al., 2019)
stemness
Collagen 111 Increased expression | Presence in metastatic | (Kehlet et al., 2016)
of turnover fragments | patients, potential stage
biomarker
Collagen IV Expression in CAFs Presence in stroma of | (Lindgren et al,
CRC liver metastasis 2022)
Collagen VI High in plasma Prognostic and | (Qiao et al., 2015)
diagnostic marker
Collagen XI Increased expression | Activate CRC  cells | (Liu & Meng, 2022)
in cell lines functions
Collagen Xl Increased expression | Regulation of  focal | (Wu & Xu, 2020)
adhesion, poorer
prognosis
Collagen XVII Increased expression | Tumorigenesis (Liu et al., 2016)
in CSCs
Vimentin Increased expression | Activate ECM | (Ostrowska-
in cell extensions degradation Podhorodecka et al.,
2023)
Elastin Increased expression | Induce CRC progression | (Li, Xu, et al., 2020)
Laminin Increased expression | Induce CRC liver | (Gordon-Weeks et
in tumour myeloid | metastasis and | al., 2019)
cells angiogenesis

In apparent opposition to ECM desmoplasia, there is the high degradation of ECM

promoted by cancer cells. This is generally a localised event necessary when

travelling in tissues with small gaps or non-aligned ECM, where cancer cells

cannot easily reorganise the cytoskeleton to find a way through (Vasudevan et

al., 2022). This degradation is also observed in metastatic sites, necessary to

facilitate cancer cell invasion (Paolillo & Schinelli, 2019). Thus, cancer cells

release a series of proteases such as matrix metalloproteinases (MMPSs), a

disintegrin and metalloproteinases (ADAMS), a disintegrin and metalloproteinase

with thrombospondin motifs (ADAMTs) and cathepsins. Their role has been

extensively reviewed (Vasudevan et al., 2022). MMPs are a large family of

proteinases that collectively can degrade all protein components of the ECM. In
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cancer, most of the MMPs found have been linked with poor outcome and for this
reason were considered as therapeutic targets but failed in clinical trials due to
poor side effects (Fingleton, 2008). It became clear that MMPs had also beneficial
roles. In CRC, MMP-12 (metalloelastase), which is expressed by TAMs, has
shown protective functions and is found in non-metastatic CRC only (Asano et
al., 2008; Shi et al., 2006; Yang et al., 2001). Interestingly, alongside MMPs,
tissue inhibitor of matrix metalloproteinases (TIMPs) are released in the TME.
Although the name implies an inhibitory action on MMPs, the main TIMPs found
(TIMP-1 and TIMP-2) seem to behave in a context dependent manner (Escalona
et al., 2020; Gong et al., 2013; Reis et al., 2015; Wang et al., 2019). Studies have
demonstrated the expression of TIMPs as a balancing action when MMPs are
over expressed (Wang et al., 2019) and linked a lower expression of TIMPs to
poorer outcome and recurrence (Reis et al., 2015). However, there has been also
evidence on TIMPs in supporting cancer progression (Escalona et al., 2020;
Gong et al., 2013). Despite the opposing roles, the often-high levels of TIMPs in
cancer led to their consideration as prognostic biomarkers (Song et al., 2016).

Table 1.2. Recent findings of proteinase activities in CRC.

Type Recent findings in CRC Recent findings in CRC

MMPs MMP-7 associated to KRT15 oncogene | (Chen & Miao, 2022)
increases migration and invasion (Wang et al., 2020)
MMP-1 drives proliferation and EMT

ADAMs ADAM9 cleaves ephrin-B and mediate | (Chandrasekera et al., 2022)
Akt downstream pathway

ADAMTSs ADAMTS4 induces tumour growth via | (Chen et al., 2018)
macrophage infiltration (Li et al., 2020)

ADAMTS8 associated to tumour

suppression

Cathepsins Cathepsin S enhances antigen cross- | (Harryvan et al., 2022)
presentation in CAFs (Lietal., 2019)
Cathepsin K induced by gut microbiota

promotes M2 macrophage polarisation

1.2.2.3 Other TME components

Other cell subtypes have been discovered infiltrating and acting in the TME. Many
reviews have been published with the aim of collecting information of TME in
different cancer types (Balkwill et al., 2012; Boyle et al., 2020). Moreover, the
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lumen of the gut contains the largest population of symbiotic microorganisms,
falling under the term of gut microbiota, which is composed of a wide variety of
bacteria, fungi, protozoa, and viruses (Thursby & Juge, 2017). The balance
between beneficial and detrimental microorganisms in symbiosis with the host is
delicate and susceptible to external factors. When the balance is broken and
pathogenic strains prevail, the gut microbiota is in dysbiosis (Hrncir, 2022). There
is a close relationship between CRC and the gut microbiota. In fact, some of the
factors are shared with CRC, including smoking, alcohol and high-fat diet (Engen
et al., 2015; Gui et al., 2021; Singh et al., 2017). Moreover, some pathogenic
species have been confirmed to induce CRC such as Fusobacterium nucleatum,
which has been linked to CRC carcinogenesis, as well as progression towards
metastasis (Casasanta et al., 2020; Chen et al., 2020; Rubinstein et al., 2019).
For these reasons, the microbiota is now considered part of the TME.

Increasing the current knowledge of the TME at different stages of CRC
progression is essential in stratifying patients and in breaking down CRC
heterogeneity.

1.2.3 The pre-metastatic niche

Of the CRC metastatic sites, liver is the most common, accounting for about 30%
of diagnosed patients. Undoubtedly, the main reason for this incidence is the
proximity of the organ to the gastrointestinal system and the direct communication
offered by the portal vein (Stewart et al., 2018). In the event of cancer cells
reaching the circulatory system, the path towards the liver is the shortest. The
second most common site of CRC metastasis is the lung. Once again, the
connection with the gastrointestinal system is mediated by a direct link via the
heart. Whereas the spread of cancer cells towards the liver is facilitated by the
portal vein and the hepatic artery, CRC lung metastasis may also arise from
lymphatic circulation (de Ridder et al., 2016; Stella et al., 2019). In 1889, Stephen
Paget introduced the theory that metastasis is not a casual event, but they are a
result of an affinity between metastatic cells (seed) and certain modified factors
in the metastatic site (soil) (Paget, 1889). This theory was supported by further
studies, which demonstrated that a large number of circulating metastatic cells
did not correspond to an increase in the presence of metastasis in organs
proximal to the invaded capillaries (Tarin et al., 1984). The direct metastatic

mechanisms do not exclude the influence of a targeted seed and soil mechanism,
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where the invasion of cancer cells in a new organ is anticipated and supported

by biomolecular signalling (Akhtar et al., 2019).

Organotropism is defined as the preference of cancer cells to invade specific
organs and it varies according to the type of cancer. The traditional thinking that
metastasis arises as a late event in cancer and are the result of late somatic
changes in cancer cells in the primary site has been recently questioned, as
observations of the early presence of aggressive phenotypes have arisen
(Friberg & Nystrom, 2015). In the last decade, more findings have discovered that
the survival of the invading cancer cells is driven by factors released at earlier
stages of cancer in the metastatic site, resulting in the so-called pre-metastatic
niche (PMN) (Peinado et al., 2017).

The specific mechanisms leading to the PMN and organotropism have been the
focus of significant recent interest (Azubuike & Tanner, 2023; Chen et al., 2018).
It is crucial to improve knowledge about CRC organotropism since patient
prognosis is dependent on the site of the metastatic organ. For example, lung
metastasis has shown a higher overall survival compared to liver or brain

metastases (Prasanna et al., 2018).

Among the factors released by the TME that have been found to contribute to the
PMN, extracellular vesicles (EVs) have recently been identified as critical

mediators of PMN formation and organotropism (Figure 1.4).
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Figure 1.4. The pre-metastatic niche. Main players investigated in the PMN. Cancer EVs have
been considered the key mediators in the establishment of the PMN. Extravasation and survival
of circulating cancer cells depends on successful PMN events.

1.3 Extracellular vesicle involvement in colorectal
cancer progression

1.3.1 Introduction to extracellular vesicles
EVs are lipid bi-layered structures secreted by all cells, including cancer cells.
They are secreted through different mechanisms according to the specific type of

EVs. Apoptotic bodies derive from the membranes of cells in apoptosis and
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microvesicles (MV) bud outward from the cell membrane (Teng & Fussenegger,
2021). Exosome biogenesis is more complicated; they are enclosed in late
endosomes and termed intraluminal vesicles (ILVS). The late endosome rich in
ILVs is directed towards the cell membrane as multivesicular body (MVB) and
secretes the exosomes via exocytosis (Teng & Fussenegger, 2021). In recent
years, thanks to new isolation and characterisation methodologies, new sub-
classes of EVs have been discovered, which are summarised in Table 1.1. EVs
are not empty, their lumen contains DNA, mRNA, miRNA long non-coding RNA
and proteins, alongside surface proteins which interact with target cells. This EV
cargo is thought to be responsible for the intracellular communication, in
particularly miRNAs (Li et al., 2022) and proteins (Chang et al., 2021). EV cargo
can be transferred to other cells, thus implying that the general role of EVs is
communication between cells. Due to their bi-layered membrane, EVs can travel
through body fluids, acting on cells in both a paracrine and endocrine manner
(Chang et al., 2021; Liu et al., 2021). According to the cell of origin, EVs also vary
in size and content, which leads to a diversity of functions.
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Table 1.3. EVs types discovered. Exosomes are the only vesicles secreted in an endosomal
way. All the other vesicles are secreted from the plasma membrane (ectosomes).

Type Size Cell type First publication

Exosomes 30-150 nm All cells (Harding et al., 1983)

Microvesicles (MV) | 100-1000 nm All cells (Wolf, 1967)

Apoptotic bodies 50-5000 nm Apoptotic cells (Ihara et al., 1998)

Oncosomes/ large | 100-400 nm (oncosomes)/ | Tumour cells (Al-Nedawi et al.,

oncosomes 1000-100000 nm large 2008)

oncosomes

Ciliary ectosomes 50-150 nm All cells (Cao et al., 2015)

T cell microvilli | <200 nm T cells (Kim et al., 2018)

particles

Elongated ~120 nm Neutrophils (Marki et al., 2021)

neutrophil  derived

structures (END)

Secreted midbody | 200-600 nm Dividing cells (Rai et al., 2021)

remnants

Beaded n.d. Apoptotic cells (Atkin-Smith et al.,

apoptopodia 2019)

Migrasomes ~ 3000 nm Migrating cells (Ma et al., 2015)

Cytoplasts n.d. Leukocytes (Malawista & Van
Blaricom, 1987)

En bloc MVB-like | 600-2000 nm Tumour cells (Valcz et al., 2019)

EV clusters

Exophers ~ 4000 nm n.d. (Melentijevic et al.,
2017)

1.3.1.1 Studying extracellular vesicles

With the rapid recent increase in the research around EVs, the Minimal
Information for Studies of EVs (MISEV) was created by the International Society
for EVs (ISEV), which are general guidelines on the study and publication in the
EV field, updated every few years (Théry et al., 2018; Witwer et al., 2021). Within
the guidelines, different isolation methods have been recommended to obtain
EVs from cells and tissues; the most frequently used are sequential ultra-
centrifugations (UC) and size-exclusion chromatography (SEC). The choice of
the isolation technique needs first to consider that none of the methodologies can
give a fully purified EV sample; secondly, high EV yield generally corresponds to

a lower specificity and higher contamination (Théry et al., 2018). After isolation,
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EVs must be characterised to confirm their identity. Despite this diversity, it is
possible to distinguish EVs from other secreted particles, as specific markers
have been found to be frequently expressed, including tetraspanins CD9, CD63,
CD81 as well as other proteins involved in their biogenesis. Tumour susceptibility
gene 101 (TSG101) and ALG-2-interacting protein X (ALIX), for example, are
specific to exosomes since they participate in the endosomal sorting complex
required for transport (ESCRT) pathway, a key mediator of MVB formation from
late endosomes. Alongside proteins, lipids such as cholesterol,
glycosphingolipids, sphingomyelin (SM) and phosphatidylserine (PS) are
enriched in EV membranes. Markers such as tetraspanins have been
fundamental in EV characterisation and isolation, but their expression differs
according with the cell origin. Marker characterisation is just one of the
recommended aspects, along with quantification strategies such as particle count

and imaging of the EV structure through electron microscopy (TEM or SEM).

Many findings have demonstrated that EVs, especially small EVs and exosomes,
are crucial in the communication between TME components. EVs released by
cancer cells, but also by all the cells in the TME exert functions at every step of
the disease, from carcinogenesis to late metastasis (Chang et al.,, 2022;
Kotelevets & Chastre, 2023). Moreover, they have been found to influence
pathways and events associated with drug resistance and chemosensitivity. For
these reasons, specific EV-related pathways and molecules are currently under

consideration as novel biomarkers and for clinical trials (Sanz-Ros et al., 2023).

1.3.2 Cancer extracellular vesicles and primary colorectal

cancer
Cancer EVs can remain within the mass of primary tumour and mediate cancer
cell cross-talk and phenotypes in a paracrine manner. Cancer EVs were found
regulating and promoting EMT leading to the acquisition of an invasive phenotype
(Greening et al., 2015). It was observed that CRC EVs deriving from both primary
and metastatic cell lines can induce cancer cell EMT via the transmission of a

membrane protein receptor of WNT named Frizzled 10 (Scavo et al., 2020).

Alongside potentiating the phenotypic features of cancer cells, CRC EVs can
deliver signals to different cells of the TME to achieve features related to the

progression of cancer. Crosstalk between cancer cells and CAFs is partly
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orchestrated by EVs (Naito et al., 2022). Cancer EVs from CRC as well as in
other types of cancer were detected in the switch from normal fibroblasts to
myofibroblast phenotype, alongside the main activation factor TGF- (Webber et
al., 2010). The involvement of EVs in the maintenance of CAFs leads to different
impacts, including metabolic changes and synthesis of ECM components (Giusti
et al., 2022). TIMP-1 found enriched in CRC EVs in turn upregulated TIMP-1 in
recipient fibroblasts which induced ECM remodelling found in cancer progression
(Rao et al., 2022). CAF activation by cancer EVs is correlated with the advanced
stage of the cancer cells. Cancer cells that had undergone EMT and showed a
mesenchymal phenotype produced EVs with reduced miR-200, a miRNA found
in EV cargo, compared to epithelial CRC cells. The loss of miR-200 lead to the
aberrant activation of TGF- pathway for CAF switching, leading to an increase
in CAFs in the presence of a more aggressive cancer phenotype (Bhome et al.,
2022).

Likewise, EVs released by CRC cells promoted immune escape by altering TAM
and macrophages phenotype from pro-inflammatory M1 to anti-inflammatory M2
(Shinohara et al., 2017; Yin et al., 2022). The effect and the polarisation pathways
were however dependent on the cell type of origin. EVs from DLD-1 cells induced
the M2 phenotype in THP-1 by the expression of miR-145 (Shinohara et al.,
2017), whereas SW620 EVs enhanced PD-L1 in THP-1 through the expression
of miR-21-5p and miR-200a (Yin et al., 2022). In another recent study, SW480
EVs polarised macrophages towards an M1 phenotype instead of M2, whereas
SW620 EVs induced a mixed M1/M2 phenotype (Popéna et al., 2018).

Continuous findings are showing how the impact of cancer EVs spreads
throughout the TME, as an extension of direct communication between cells.
However, these EVs were rarely found involved in basal communication for the
sustainment of the malignant cells; rather, they were mainly observed promoting

pathways and activities for the progression of the disease.

1.3.3 Cancer extracellular vesicles and chemoresistance

A big challenge in the treatment of cancer is the development of resistance to
chemotherapy. Chemotherapy is the front-line approach to treat CRC alongside
surgery and despite the continuous development of new chemotherapeutics, the

treatment often fails due to an intrinsic resistance of cancer. The cross-talk with
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other types of cells, specifically of the immune TME, is also crucial for
chemoresistance (Khalaf et al., 2021). There are processes promoted by EVs
which directly target pro-survival pathways and chemoresistance, decreasing of
apoptosis in cancer cells in response to treatment (Akao et al., 2014).
Furthermore, EVs present in the TME can also shield anticancer drugs, thus
limiting their delivery against the target cell (Aung et al., 2011). By inducing
cancer progression and aggressive phenotypes, cancer EVs also indirectly
confer cancer cells with resistance to drugs (Yang et al., 2022). This evidence
emphasises the need to further investigate the roles of cancer EVs in

chemotherapy resistance.

1.3.4 Cancer extracellular vesicles and colorectal cancer

metastasis

After the seed and soil theory was established, many studies have focussed on
investigating the main factors responsible for determining organotropism and
preparing the PMN (Dong et al., 2023; Patras et al., 2023; Peinado et al., 2017).
It was successfully demonstrated that cancer EVs are involved, alongside other
secreted factors, in determining cancer organotropism, by circulating in the body
as endocrine factors. EVs do so by recognising cells in the PMN through the
expression of tissue-specific integrins, thus biasing the metastatic selection
(Hoshino et al., 2015).

In order for circulating cancer cells to extravasate, the binding between integrins
and adhesion molecules on the endothelial cells is essential (Sokeland &
Schumacher, 2019). Importantly, CRC EVs and their cargo can be up taken by
endothelial cells and induce reduced vascular permeability (Zeng et al., 2018).
Once established in the PMN, they induce changes to cell behaviour supporting
cancer cell establishment and invasion in the tissue. Many of the TME
components previously described are found in the metastatic site interacting with
cancer EVs. The most altered feature of the PMN is the immune response (Patras
et al., 2023). CRC EVs can also contribute to the activation of CAFs and their
functions in the metastatic site (Ji et al., 2020; Zhang et al., 2022). In other
cancers, EVs were observed indirectly to induce ECM remodelling (Deep et al.,
2020; Novo et al., 2018), but to date this has not been investigated in CRC.
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The lack of in vitro models able to represent the complexity of the TME in
advanced CRC has limited the exploration of the role of cancer EVs and PMN
events to complex animal models. The development of in vitro alternatives can

facilitate the investigations and unravel CRC heterogeneity.

1.4 Modelling colorectal cancer in vitro

1.4.1 Progress of cancer cell culture systems

The use of in vitro culture enables hypotheses on pathogenesis to be tested
which aids the understanding of cancer formation, and approaches for diagnosis,
prognosis and treatments. New in vitro models mimicking cancer are engineered
and developed following the availability of new technologies. Traditionally, in vitro
models are based on cells cultured in monolayer in which biomolecules and cell
behaviour upon a specific treatment are investigated. Two dimensional (2D)
cultures as such are established to investigate experimental strategies in cancer
and have been used for decades due to their low cost, and straightforward
features (Kapatczynska et al., 2016). The cells used in this 2D environment are
spontaneously immortal (like cancer cells) or can be mutated to escape
senescence (immortalised cell lines) (Segeritz & Vallier, 2017). Alternatively,
more sensitive cells such as stem cells and primary cells can be cultured. These
are directly isolated from tissues where they can better maintain the original
features and morphology of the original environment, although this is lost during
2D culture expansion. This kind of simplified methodology cannot recreate the
milieu of TME, resulting in very poor translatability to the complexity of human
diseases (Katt et al., 2016). Moreover, the dimensionality of the modelling space
influences the structural, functional and migratory features of the cells, which has

led cancer scientists to rely heavily on animal experiments (Onaciu et al., 2020).

Animals have been used for a long time in the study of diseases, since similar
complexity, such as cell-to-cell and cell-to-ECM interactions in a multicellular
environment, together with considerations of drug delivery and metabolism are
similar across mammals (De-Souza & Costa-Casagrande, 2018). However,
animal-based experiments are complex, long-term and expensive. Besides, the
use of different species, such as mice and rats, for the study of human diseases
in preclinical phases has very poor compatibility and reproducibility, leading to

poor translation into human clinical trials (90% of cases fail) (Van Norman, 2019).
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In cancer research, these species-related differences, together with the difficulty
in reproducing immunological responses to cancer due to the sterile conditions
that these in vivo models are maintained, cannot be ignored (Cekanova &
Rathore, 2014; Van Norman, 2019).

The current ability to obtain a more relevant biological environment through three
dimensional (3D) in vitro experiments has shown advantages over both canonical
2D cultures and animal models (Riedl et al., 2016; Yamada & Sixt, 2019).

1.4.2 3D models used in cancer research

A wide range of 3D models have been developed to address specific biological
guestions, achieve more realistic responses and reduce the reliance for animal
experiments. They can be categorised as scaffold-free systems, such as
spheroids, or scaffold-based systems in which a physical structure sustains the
organisation of the cells (Figure 1.5). Ultimately, 3D models can also reach
different levels of cellular complexity, from simple co-culture to miniature organs

derived from patients or complete tissue structures.

TME representative;:|
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Figure 1.5. 3D models used in cancer. Schematic representation showing the different types of
3D models adopted in cancer research. User-friendly 3D models (straight-forward techniques,
which are less costly) are generally less representative of the TME.

1.4.2.1 Multicellular cancer spheroids as first step of complexity

Spheroids can be considered the first step of complexity from the monolayer
culture since they consist of spherical arrangements of cells and can be
generated from a single cell type. Spheroids in cancer research are generally
defined as multicellular tumour spheroids (MCTS) and can be obtained by
different techniques of culturing, such as hanging drop, liquid overlay or spinner

flasks (Han et al., 2021). Multicellular tumour spheroids have contributed to the
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discovery of biological mechanisms, as well as more accurately modelling the
response to specific targeted drugs (Bhave et al., 2015; Sant & Johnston, 2017).
Spheroids show decreased drug responses compared to 2D culture,
emphasising the importance of cell space arrangement in drug efficacy (Bhave
et al., 2015; Filipiak-Duliban et al., 2022; Nowacka et al., 2021). The fast growth
that cells assumed in a spheroid model is close to the metabolic environment
seen in vivo during tumour growth, developing a necrotic and hypoxic inner core,
while the outer layers are well nourished (Sant & Johnston, 2017). However,
whilst in vivo such a hypoxic environment would trigger angiogenesis and other
mechanisms relevant to cancer progression, this does not happen in spheroid
cultures, due to the absence of other cellular and stromal components (Han et
al., 2021). Thus, the hypoxic feature of the spheroid is an end point for the
evolution of the model. To approach a TME system, a step of complexity can be
added by attempting co-culture of different cell types. Bacteria such as the CRC
linked F. nucleatum have also been successfully co-cultured with MCTS and have
given important information on the behaviour of bacteria in the presence of cancer

cells (Kasper et al., 2020).

1.4.2.2 Organoids and modelling healthy intestine in vitro

With the growth in understanding stem cells and the ability to culture them, 3D
cultures took a step further when organoids were first developed. The term
organoid refers to a cluster of cells with the ability to self-differentiate and
organise into different cell types. Both pluripotent stem cells and tissue-specific
adult stem cells can be cultured in specific conditions and mimic the essential
functionality of the organ (Zhao et al., 2022). Stem cells can also be obtained
from patients, adding the organoid the possibility of addressing disease
heterogeneity. A key study in the field of organoids was published in 2009, where
leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5+) adult ISCs,
found at the bottom of the intestinal crypts, were able to form crypt-like organoids
without the need of a mesenchymal niche (Sato et al., 2009). The only cell
requirements were matrigel embedding and basal growth factors such as R-
spondin and epithelial growth factor (EGF). Physiologically, Lgr5+ ISCs are
essential for the elevated cell turnover in the gut, but they have been also
proposed as the potential cell progenitors of CSCs (Morgan et al., 2018; Xu et
al., 2019). This first organoid was then followed by multiple studies aimed at
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recapitulating the intestinal niche and further increasing the complexity of the in-
vitro system with the help of new engineering approaches (Hinman et al., 2021,
Spence et al., 2011).

1.4.3 Recapitulating the wider tumour microenvironment

Despite their ability to represent native features of the organ, stem cell-derived
organoids lack in key components of the TME, such as stroma and immune cells.
Cellular interactions in the stroma can be addressed in in vitro models by
developing heterotypic tumour spheroids, which can be seen as an extension of
the 2D co-culture, as for the MCTS previously described. Heterotypic spheroids
can be obtained with the traditional methods for spheroid culture, such agitation
culture (Franchi-Mendes et al., 2021). Nutrient and oxygen gradients, kinetics
and morphological features resemble the environment of a non-vascular TME
with the advantage of partially mimicking the interactions between a specific
stromal cell-type and the cancer cells. These types of models can be used to
investigate the key exchanges between cells and how these exchanges can
impact on therapeutic resistance (Weydert et al., 2020). Cellular interactions
between cancer cells and cells of the TME such as CAFs can be crucial when
assessing a treatment, especially when the drug target can interact with the TME
(Lamberti et al., 2019; Stock et al.,, 2016). Due to the relatively effortless
preparation, triple cultures spheroids can be further developed to evaluate the
interactions of different stromal cells in the presence of the tumour. There are
TME events that are the result of coincidental interactions between different types
of cells. It was previously mentioned how cancer cells/CAFs/TAMs crosstalk
leads to the activation of determined cancer phenotypes and this can be observed

in the development of heterotypic spheroids (Bauleth-Ramos et al., 2020).

1.4.3.1 Theintroduction of scaffolds to mimic cancer extracellular matrix

Spheroids and organoids have been shown to produce a small amount of native
ECM to support cellular interactions (Glimelius et al., 1988). However, the ECM
architecture and its physical and mechanical properties can be addressed by
adding further steps of complexity. Support matrices of different origins have
been introduced in in vitro modelling. They can have a natural origin or they can
be engineered using synthetic polymers (Unnikrishnan et al., 2021; Xie et al.,
2022). Matrices not only can mimic the complexity of the ECM, but they also allow

the culture to grow for a longer period due to their biophysical support. While
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artificial scaffolds are generally manufactured to address specific biomechanical
conditions, natural scaffolds, which originate directly from ECM compounds,
preserve biocompatibility and can better represent the TME, although are often
over simplified (Xu et al., 2021). Thus, the choice of matrix needs to meet a
balance between following the research hypothesis and addressing physiological
relevance. The type of matrix may change the results of the experiment, as shown
in a recent study, in which the content and the concentration of the matrix chosen
affected the cell invasion of different types of cancer spheroids (Liu et al., 2020).
Widely used scaffolds that ensure long-term culturing include natural plant-based
scaffolds, such as agarose and alginate, which lack physiological ECM binding
sites, making these scaffolds relatively inert (Chaicharoenaudomrung et al.,
2019; Yamada et al., 2020). Biological matrices often have animal origin and the
most common include basic gel systems composed of collagen type |, or
basement membrane compounds (e.g., Matrigel or Geltrex™) or a mixture of

these.

Another important feature for the selection of the matrix for cancer research is
tissue stiffness. Matrices can be tuned to mimic healthy and pathological as well
as tissue-specific stiffnesses (Baruffaldi et al., 2021). Collagen-based matrices
cannot address tissue-specific biomechanical features per se, but can be mixed
with other matrices (hydrogels, alginates, polyethylene glycols) or cross-linked
with enzymes such as TG2 to obtain targeted physical properties (Okawa et al.,
2022).

Scaffold embedding techniques can be implemented as a support of 3D cell
culture in what is referred as organotypic model, which aims to retain both cellular
and mechanical features of the tissue (Hayden & Harbell, 2021). Organotypic
models generally need the aid of bioengineering methodologies to achieve
architectures that lead to the recapitulation of a tissue-like structure. In cancer,
organotypic models are useful to investigate the relationship between malignant
cells and stromal fibroblasts, which is also deeply influenced by the ECM
(Froeling et al., 2009; Gaggioli et al., 2007). Organotypic models based on co-
culturing CRC and fibroblasts in collagen gels have been developed to investigate
the role of the cross-linking enzyme TG2 on collagen remodelling, which
contributes to the biomechanical alterations found in CRC, such as matrix

increased stiffness (Delaine-Smith et al., 2019). Similar models have been
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developed in the field of tumour-stroma interactions to evaluate the contribution
of activated fibroblasts to migration and invasion, but also to assess the response
of different combined drugs in the TME (Cattin et al., 2018; Henriksson et al.,
2011; Zoetemelk et al., 2019). Consequently, the establishment and optimisation
of new organotypic cultures is time consuming, but due to the clear advantages
of such systems, the development around tissue engineering continued, leading

to the employment of new materials and compounds.

Tissue decellularisation, developed as an innovative technique in regenerative
medicine, has been used in 3D engineering to obtain tissue-specific ECM
(Hoshiba, 2019). Decellularisation methods aim to eliminate the cellular
components from the tissue while maintaining the ECM and its biological and
biomechanical properties (Hoshiba, 2019). Tissues originate from patients, also
giving the advantage of obtaining patient-specific decellularised matrices. Once
decellularised matrices are obtained, they can be recellularised to achieve new
3D models and evaluate the contribution of altered ECM in the TME. Primary
monocytes differentiated into macrophages, successfully repopulating the
decellularised matrix coming from normal and cancerous colon (Pinto et al.,
2017). Interestingly, macrophages subjected to only tumour-derived ECM
differentiate into an anti-inflammatory M2-phenotype and an increased stiffness
was observed in the decellularised ECM, which may eventually play a role in
macrophage polarisation. Deriving decellularised matrices from patient tissues
requires resources often with a limited access as tissues are generally requested
for pathology purposes, but it is also true that they represent a great advantage
and could be considered the optimum strategy as ECM scaffold in cancer. With
tissue bioengineering strategies being constantly evolving for cell culture, for
example using complex model designs through 3D printing systems or
electrospinning, which can use both natural and synthetic matrices according to

the specific research aim (Lerman et al., 2018).

1.4.4 3D models for EVs

As the behaviour of cells in 3D differs from culture in monolayer, so EV production

is impacted by the dimensionality of the space. For instance, the cell membrane

morphology and the surface, crucial for the release of EVs, do not organise in the

same way in 2D and 3D. In 2D cells grow flat, with elongated structures and with

the adhesion only to the bottom plastic and adjacent cells, while in 3D models,
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cells are smaller, spherical and have interactions around the entire surface
(Breslin & O’Driscoll, 2016; Riedl et al., 2016). Evidence of variations in the
production of EVs in 2D or 3D were found in recent years, where only EVs
secreted by cells in in vitro 3D models possessed miRNA profiles similar to EVs
found in vivo (Thippabhotla et al., 2019).

1.4.4.1 In vitro models for investigating the functional role of EVs
Currently, functional roles of cancer EVs are still mainly observed either in 2D
cultures or in murine models. Functional research on the role of EVs and cancer
EVs would therefore benefit from 3D approaches like spheroids and organoids.
It was demonstrated that hypoxia drives release of EVs with functions leading to
cancer cell survival and proliferation (Ren et al., 2019). Spheroids mimic in vivo-
like cancer-related hypoxia and therefore they can produce high yield EVs with
the same hypoxic features. Furthermore, spheroids could also be conditioned
with cancer EVs to evaluate the impact on the regulation of the hypoxia and on
the regulation of tumour growth. EVs from CRC were found to increase growth
and altered colonic mesenchymal stromal cells (Lugini et al., 2016). Similarly,
organoids have unique characteristics, as they are constituted by a pool of
patient-derived undifferentiated stem cells, which then differentiate over time.
Organoids from different CRC patients produced EVs with only 45% of miRNA in
common, showing the variability between patients that correlates with individual
disease heterogeneity (Szvicsek et al., 2019). CRC organoids have been used to
investigate the induction of EV secretion by different factors involved in promoting
CRC, which showed that collagen deposition was able to increase the EV release
from the organoid (Szvicsek et al., 2019).

When EVs are released by cells and perform paracrine or endocrine functions,
they need to travel through ECM. EVs have been found actively interacting with
ECM components, including collagen (Lenzini et al., 2020; Palmulli et al., 2023).
EVs movement in the matrix is also supported by the biomechanical and
biophysical properties of the ECM, with stiffer environment promoting a faster
transport (Lenzini et al., 2020). Since EVs found in the ECM are secreted by all
the cell types present in the tissue, a lot of interest has grown around the idea of
extracting interstitial EVs from tissues. In cancer, these EVs can provide a
snapshot of cellular activities within the TME and can be an alternative to EVs

from liquid biopsies with higher specificity (Li et al., 2021). Considering the crucial
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role of ECM in cancer and in interaction with EVs, physiological matrices need to
be considered in the development of 3D models for the study of EV roles. A recent
development in the field of 3D engineering is also very relevant for evaluating EV
functions. Organ-on-chip models aim to mimic the whole tissue structure, which
can include scaffolds, but also they are combined with microfluidics technologies
to enable flow of liquids at microscale (Bhatia & Ingber, 2014). Microfluidics add
the feature of constant fluid exchange, which is crucially relevant in tumour
progression. For instance, EVs can be introduced in the flow to reach the organ-
on-a-chip and simulate the arrival of EVs to the PMN. A microfluidic human liver-
on-a-chip was indeed developed to emulate the formation of a PMN and explore
the roles of breast cancer EVs in liver metastasis, unlocking new functional
mechanisms for the establishment of the PMN (Kim et al., 2020). However, the
establishment and optimisation of these complex 3D models to assess specific
hypothesis is time consuming and requires expensive resources. Organotypic
models can still offer an alternative as established constructs for the evaluation
of EV crosstalk between cells. In combination with the presence of ECM-like
structure, it is possible to evaluate the role of EVs without ignoring TME

components. Moreover, it is relatively unexpensive in terms of costs and time.
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1.5 Aims and objectives

The aim of this project was to utilise organotypic models to mimic tissue in order
to explore the role of CRC EVs in CRC progression towards metastasis and to
evaluate their potential as markers of specific steps of cancer progression. To

achieve this, the following objectives were investigated:

Main hypothesis: cancer EVs drive CRC progression and stromal remodelling in

organotypic models.

1. Develop a 3D organotypic model of cancer invasion to evaluate the impact

of CRC EVs on patterns of invasion.

2. Develop a 3D organotypic model of CRC lung metastasis to investigate
the effect of CRC EVs on components of TME.

3. Evaluate the role of CRC EVs in the regulation of cells and proteins
involved in ECM remodelling, focussing on crosslinking enzymes such as

TG2.

4. Develop a preliminary screening platform based on the responses to
stage-dependent CRC EVs using patient samples.
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2 Impact of colorectal cancer extracellular

vesicles on a 3D model of cancer invasion
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2.1 Introduction

The acquisition of invasive behaviour by cancer cells is a crucial step for
malignancy and disease advancement. Since invasion is required not only to
penetrate a new tissue, but also in leaving the primary tumour towards
extravasation, the process is generally considered an early step of cancer
progression (Lusby et al., 2022). A combination of factors from the tumour
microenvironment (TME) influence and modify cancer cells that are destined to
detach from the primary tumour and migrate into the surrounding matrix. One of
the most described events linked to invasion is the ability of cancer cells to
undergo epithelial to mesenchymal transition (EMT). By appropriating EMT,
cancer cells acquire the plasticity of mesenchymal cells, facilitating the movement
through the stroma (Pearson, 2019; Ribatti et al., 2020). EMT is highly regulated
by cells in the TME, such as cancer-associated fibroblasts (CAFs), through the
secretion of chemokines and cytokines (Goulet et al., 2019). A common marker
of EMT is the loss of E-cadherin (E-cad), a transmembrane protein involved in
cell-to-cell interactions (Bruner & Derksen, 2018; Na et al., 2020). By losing
adhesion, cells can individually detach from the primary tumour and invade the
surrounding stroma. Increase in N-cadherin (N-cad) expression mirrors the loss
of E-cad and it is directly associated with increased cell motility and the ability to
degrade the extracellular matrix (ECM) (Cao et al., 2019).

Extracellular vesicles (EVs) can be secreted by cancer cells to exert functions in
both paracrine and endocrine ways, and therefore they can contribute to cancer
progression at the primary site as well as in metastasis (Chang et al., 2021;
Kogure et al., 2020). Furthermore, EVs and their cargo are dependent on the
phenotype of the cell of origin, suggesting that EVs deriving from primary or
metastatic cells might reflect the stage of the disease (Chen et al., 2019;
Depciuch et al., 2020; Nakurte et al., 2018). Cancer EVs have shown to be
involved in cancer progression. They can contribute to the choice of pro-survival
and more resistant cancer cell phenotypes, yet it is still unclear whether they
directly impact on the invasion of cancer cells (Akao et al., 2014). One of the
mechanisms with which cancer EVs act is to contribute to the EMT process
(Greening et al., 2015). Cancer EVs have been observed contributing to EMT by
specifically decreasing E-cad expression and migratory activity of cells in bladder

cancer (Franzen et al., 2015).
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Originally, single cancer cell migration was thought to be the mechanism to
escape the primary tumour and to move through the stroma. In recent studies,
alternative modalities of invasion represented by clusters of cancer cells have
been observed in colorectal and in other types of cancer and presented in Section
1.2.1 (Fujiyoshi et al., 2020; Kato et al., 2023). Tumour budding and poorly
differentiated clusters have been found as collective way of invasion in CRC and
are generally linked to a more aggressive invasion and better chances to succeed
in the extravasation process (Reggiani Bonetti et al., 2016). EMT is also partially
observed in poorly differentiated clusters (PDCs) and invasive clusters, where
only border cells leading the invasion are undergoing EMT, and the core
maintains the contact between the cancer cells. According to these recent
findings, it is becoming pivotal to investigate whether different invasive patterns
can be associated with specific stages of cancer progression and therefore could

be used as stage-dependent hallmarks.

In vitro models have contributed to the understanding of the complex milieu
forming the TME at different steps of cancer progression, denoting the possibility

of investigating the effects of EVs in cancer invasion.

2.1.1 Characterisation of extracellular vesicles deriving from

colorectal cancer cell lines

SW480 primary and SW620 metastatic adenocarcinoma cell lines offer a great
advantage as an in vitro model in CRC studies as they are derived from the same
patients at two different stages of the disease (Leibovitz et al., 1976). Studies
based on these two cell lines have contributed to obtain information on the
molecular signatures, unbiased by the well-established disease heterogeneity.
As such, phenotypic variations and whole proteomic and miRNA profiles of
SW480/SW620 EVs have been also extensively investigated in the discovery of
new biomarkers (Chen et al., 2019; Ji et al., 2013; Suwakaulsiri et al., 2019, 2023).
These differences in the EV contents have also been linked to different functions,
thus showing that cancer derived EVs play a role at different stages of CRC

progression (Endzelins et al., 2018; Rai et al., 2019).

2.1.2 3D models to mimic cancer invasion

With the knowledge of the TME contributing to cancer mechanisms such as

invasive behaviour, in vitro studies must adapt to recapitulate the interactions
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between cancer cells and stroma. Movement of cells can be observed through
2D migration experiments, but the polarity of cells and the biophysical forces
involved in the process differ when cells move within tissue matrices. Monolayer
culture experiments cannot distinguish the pattern of single cells or cluster
invasion (Duval et al., 2017; Yamada & Sixt, 2019). Widely used cancer spheroids
are also not suitable since they lack the major structural components necessary

for cancer cells to interact when migrating in the ECM.

Transwell assays have been broadly exploited to observe cell invasion in
biological matrices. Different matrices have been employed, but they are
generally inert due to the absence of cells that actively maintain and produce
ECM, such as fibroblasts (Christianson et al., 2013; Franzen et al., 2015).
Organotypic 3D models allow the embedding of more than one type of cells into
different kinds of matrix. In this context, they can provide a suitable system to
study the relationship between CRC cells, fibroblasts and ECM in the mechanism
of invasion. In previous works, when CRC cells were mixed with fibroblasts into
a biological matrix, they naturally formed spheroids growing over time, with
invasive events also occurring (Delaine-Smith et al.,, 2019). However, a
considerable number of spreading spheroids would make the invasive patterns
difficult to quantify in a reproducible way, which would also be time consuming.
An organotypic model with similar components was developed for squamous cell
carcinoma, where invasion patterns were quantifiable through imaging

techniques (Nystréom et al., 2005).

The study of EVs in cancer has been prevalently performed in 2D cultures with
the limitations already discussed (Section 1.4.4) and where possible, the findings
were translated into in vivo animal models to achieve a more physiological
response. Recent studies have highlighted the relevance of environmental
conditions when analysing the role of EVs in cancer. Just by looking at EV
biogenesis, changes were observed between cells in monolayer and cells in 3D.
EVs produced by more physiological models not only differ in size, but they also
express a diverse biological activity (Christianson et al., 2013; Franzen et al.,
2015). Therefore, the microenvironment is crucial for EV production, as well as
for the evaluation of their effects on cells and components in the stroma. When
exercising paracrine functions, EVs are released in the ECM and they can interact
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with it towards attaining the recipient cells. But they have also been shown to be
retained by the ECM and modified by it (Al Halawani et al., 2022).

2.2 AIMS

The aim of this chapter is to optimise and develop a biologically relevant
organotypic 3D model, based on previous work, to evaluate the influence of CRC
EVs on cancer invasion patterns and molecules associated with cancer
progression. The model was designed to obtain quantification based on imaging
analysis. Optimisation and characterisation were required for the 3D model, as
well as for the isolation of EVs. Two types of CRC EVs were investigated, deriving
from the patient-matched cell lines SW480 and SW620 to obtain information on

changes in the invasion according to the stage of the disease.
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2.3 Materials and Methods

2.3.1 Experimental design

First, a 3D model of CRC invasion was developed based on collagen gel mixture
in which SW480 cancer cells and MRC5 fibroblasts were added in different
templates (Figure 2.1). Once the best template was chosen, the 3D model was
characterised to assess morphological and cellular properties. At the same time,
bioreactor conditions were evaluated for the high-yield isolation of EVs from two
CRC cell lines, SW480 and SW620. EV characterisation was then performed
according to the field guidelines. Finally, CRC EVs were used to condition the 3D
model of CRC invasion. Semi-quantitative data on invasive pattern were based
on imaging analysis. Molecular markers related to invasion and EMT were

evaluated with immunohistochemical approaches.

Optimisation phase

1
Template setup Bioreactors setup
3D model v 2
of CRC l—( Characterisation phase }—l CRC EVs
invasion :
Morphology / size /
Histology / IHC particle count / EV
| markers |
v
3
EV impact on CRC
invasion
| | |
[ Semi-quantitative analysis ] [ Molecular analysis ]
Imaging-based approach for quantify Immunofluorescence of EMT markers

pattern of invasion

Figure 2.1. Schematic of Chapter 2 experimental design. IHC=immunohistochemistry.

2.3.2 2D Cell culture

Primary adenocarcinoma SW480 cell line and patient-matched secondary
adenocarcinoma SW620 cell lines were purchased from the European Collection
of Authenticated Cell Cultures (ECACC), while human lung fibroblast cell line
(MRC5) and human foreskin foetal fibroblasts cell line (HFF2) were purchased
from Sigma Aldrich (Gillingham, UK). All cells were cultured in complete
Dulbecco’s Modified Eagle Medium (cDMEM), which was comprised of high
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glucose DMEM with GlutaMAX with pyruvate (Gibco, Thermo-Fisher, UK), 10%
viv foetal bovine serum (FBS; Gibco, Thermo-Fisher, UK) and 1% v/v
penicillin/streptomycin (P/S; Lonza Ltd., UK). The cells were maintained in a
humidified incubator at 37°C and 5% COz2 in air. Culture medium was replaced
every 3-4 days and cells sub-cultured (ratios 1:10 SW480/SW620, 1:5
HFF2/MRC5) with Trypsin-EDTA (Thermo-Fisher, Loughborough, UK) when
reaching 70-80% of confluence. Cells were checked for mycoplasma with
MycoAlert© Detection kit (Lonza Ltd., UK) every 6 months and were shown to be
negative throughout.

2.3.3 3D Cell Culture

Three different in vitro models of invasion were compared to assess which was
the most suitable for showing invasive patterns, all based on the preparation of a

collagen-based gel mixture (Figure 2.2).

2.3.3.1 Transwell model

For the first 3D model (Figure 2.2A), the gel was composed of 57.5% v/v collagen
type | (3 mg/ml, BD Bioscience, Wokingham, UK) and 17.5% v/v GelTrex™,
which is a mixture of basement membrane components (Life Technologies,
Thermo-Fisher, UK). The mixture was prepared in cDMEM to which fibroblasts
(HFF2 or MRC5) were mixed at a concentration of 528,000 cells/ml. Gels were
cast using 125 pl/well in the upper compartment of a 24-well plate Transwell™
insert (0.4 ym pore size) for 1 hour at 37°C and 5% COz2. Then, 100 ul of SW480
at 264,000 cells/ml in serum-free DMEM were added to the top of the gel.
Complete DMEM (600 pl) was added in the compartment underneath, so that the
growth factors present in the FBS could act as chemoattractant for the cancer

cells.

2.3.3.2 Gel spheroid model

The second 3D model (Figure 2.2B) utilised the same gel composition in which
fibroblasts were mixed at a concentration of 528,000 cells/ml. The gels were cast
on ultra-low attachment 96-well plates (Greiner Bio, UK), to create a spheroid gel.
SwW480 cells (100 pl) were then applied to the top of the gel in serum-free DMEM
at a cell density of 264,000 cells/ml.
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2.3.3.3 Cancer cell spheroid model

In the third 3D model (Figure 2.2C), 100 pl SW480 (264,000 cells/ml) were added
at the bottom of ultra-low attachment multiple 96-well plates and left overnight
(ON) to form spheroids. The gel containing HFF2 cells (528,000 cells/ml), was
prepared in serum-free DMEM as described in Section 2.3.3.1 and cast on the

top of the spheroid. Once set, 200 pl of cDMEM was overlaid.

Nutrient Nutrient Nutrient

(A) Gradient (B) Gradient (C) Gradient

| | |
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| v 52 | 2=/ |

KEY @& Cancercells J&x Fibroblasts ./~ Collagen matrix

Figure 2.2. 3D models of invasion (A) Transwell model (B) Gel spheroid model; (C) Cancer
cells spheroid model. A nutrient gradient was present in each model to drive cancer cell invasion.

2.3.4 Sample preparation for histology/IHC/IF

Samples from Section 2.3.3 were processed at different time points (day 1, 3, 7
or 14) for paraffin embedding according to the standard protocols. Briefly,
samples were fixed for 12-24 hours in 10% neutral buffered formalin (Merck, UK),
then dehydrated in graded industrial methylated spirit (IMS; Merck, UK), cleared
in Xylene substitute (Sub-X, Leica Microsystems, UK) and embedded in molten
paraffin wax (Leica Microsystems, UK). Tissue sections of 4 ym were mounted
onto X-tra™ adhesive glass slides (Leica Microsystems, UK) and dried for a
minimum ON and for a maximum of a week at 37°C. The sections were stored at
room temperature (RT) until further analysis. Prior to any staining,
deparaffinisation was performed by washing in Sub-X (3x5 min). Then, sections
were rehydrated in graded passages of IMS (100% x 2 min, 90% x 2 min, 70% X

2 min) and rinsed in water.

All the histological and immunohistochemical images were observed with an
Olympus BX60 microscope and images captured by a digital camera Olympus
XC30 and Olympus CellSens software (Media Cybernetics, Buckinghamshire,
UK).
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2.3.4.1 Haematoxylin & Eosin staining

Haematoxylin and eosin were performed to evaluate the morphology of the cells
in the 3D models. Sections were stained with Mayer’'s Haematoxylin (Merck, UK)
for approximately 3 min to counterstain cell nuclei (dark purple), blued in running
tap water for 6 minutes prior to 1% aqueous Eosin Y solution (Leica biosystems,
UK) staining (4 min) for the cytoplasmic regions of the cells (pink). Sections were
dehydrated in IMS (5 min, 3 times), and then IMS was cleared by Sub-X (5 min,
3 times). Finally, sections were mounted with 1 drop of Pertex (Leica Biosystems,
UK) per slide and coverslips were applied.

2.3.4.2 Masson Trichrome staining

Masson Trichrome staining was applied to the sections according to the
manufacturers protocol (Atom Scientific, UK) to evaluate the matrix structure
within the 3D model. With this staining, collagen is stained in blue, cell nuclei in
dark red/brown, muscle tissue in red and cytoplasm in pink. Briefly, nuclei were
stained with Weigert’s Iron haematoxylin for 20 min, rinsed in 1% acid alcohol
solution and blued in tap water. Ponceau fuchsin was applied for 5 min and
differentiated in phosphotungstic acid for 15 min. Then, the samples were
transferred without rinsing into methyl blue solution for 5 min. Sections were
finally rinsed, dehydrated in IMS and cleared by Sub-X (2.3.4). Finally, sections
were mounted with 1 drop of Pertex (Leica Biosystems, UK) per slide and

coverslips were applied.

2.3.4.3 Immunohistochemistry

Dehydration, clearing and mounting were performed as described in Section
2.3.4. Immunohistochemistry (IHC) for rabbit primary antibody Ki67 (1:200,
ab15580 polyclonal; Abcam, Cambridge, UK) was performed to observe the
degree of actively proliferating cancer cells in the 3D model and visualised using
biotinylated secondary goat anti-rabbit antibody (1:500, Abcam, Cambridge, UK).
After deparaffinisation and rehydration, endogenous peroxidases were blocked
by submerging the slides in 3% v/v hydrogen peroxide (Merck, UK) in IMS. After
two washes in dH20, heat-induced antigen retrieval (HIAR) was performed to
remove formalin cross-links. Slides were placed into citrate buffer (10 mM citric
acid, pH 5.9) and irradiated for 5 min at 40% pwr with a 900W microwave. After
1 min of rest, slides were irradiated again for 5 min at 20% pwr. Slides were left

to rest for 15 min and then washed with tris-buffered saline (TBS; 20 mM Tris,
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150 mM NacCl, pH 7.5). Secondary antibody host interactions were blocked with
a solution containing 1% w/v bovine serum albumin (BSA; Merck, UK), 75% v/v
TBS and 25% v/v normal goat serum (Merck, UK). Ki67 primary antibody (1%
BSA/TBS) was applied ON at 4°C in a humidified environment. Three washes in
0.5% v/v Tween-20/TBS were performed before applying the secondary antibody
(1% BSA/TBS) for 30 min at RT. Then, three washes in 0.5% v/v Tween-20/TBS
were performed followed by the treatment with horseradish peroxidase avidin-
biotin complex (HRP ABC kit, Vector Laboratories, Peterborough, UK) for 30 min
at RT. Three more washes with 0.5% v/v Tween-20/TBS were performed and
then a solution of 0.65 mg/ml of 3,3-diaminobenzidine tetrahydrochloride (DAB;
Merck, UK), 0.08%v/v in TBS was added for 20 min or until brown colouration
was visualised under the microscope. Slides were washed in dH20 for 5 min prior
to the dark purple nuclei counterstain in Mayer’s haematoxylin (approximately 3

min) and then blued under tap water for 6 min.

2.3.4.4 Immunofluorescence

To evaluate ECM-stroma interactions, immunofluorescence (IF) was performed
for primary antibodies a-SMA (1:500, ab7187 mouse monoclonal 1A4, Thermo-
Fisher, UK) as CAF marker, N-cad (1:50, CD325 mouse monoclonal 8C11;
Thermo-Fisher, UK), E-cad (1:100, ab40772 rabbit monoclonal EP700Y; Abcam,
Cambridge, UK) and catenin delta-1 (p120) (1:100, ab92514 rabbit monoclonal
EPR357(2), Abcam, Cambridge, UK) as EMT markers. Goat anti-mouse
secondary immunoglobulin (IgG) antibody labelled with Alexa Fluor® 488 (1:500,
Abcam, Cambridge, UK) and goat anti-rabbit secondary IgG antibody labelled
with Alexa Fluor® 555 were used to visualise the staining. After deparaffinisation
and rehydration, HIAR was performed followed by the blocking step in goat serum
(2.3.4.3). For p120, a permeabilisation step in 0.1% Triton-X/TBS for 10 min was
necessary. Sections were incubated with primary antibodies (1%BSA/TBS) ON
at 4°C in a humidified environment. Three washes in 0.05% v/v Tween-20/TBS
were performed followed by the incubation with secondary antibodies
(1%BSA/TBS) for 1 hr at RT. Three more washes were performed and then
VECTASHIELD® HardSet™ Antifade Mounting Medium with 4',6-diamidino-2-
phenylindole (DAPI) (Vector Laboratories, Peterborough, UK) was used to mount
the coverslips. Images were acquired with Olympus 1X81 inverted microscope
(Media Cybernetics, Buckinghamshire, UK). Confocal images were acquired with
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Zeiss Axio LSM800 (Zeiss, Germany, UK). Mean fluorescence intensity was

obtained.

2.3.5 CRC-derived Extracellular Vesicles

2.3.5.1 Isolation of CRC-derived Extracellular Vesicles

SW480 or SW620 cells were cultured in WHEATON® CELLine™ AD-1000
Bioreactor flasks (DWK Life Sciences, GmbH). Briefly, the cells (2.5 x 107) in 15
ml of DMEM with 10% FBS, 1% P/S were added to the inner cell compartment.
500 ml of DMEM with 10% FBS, 1% P/S was then added to the media
compartment. The cells were left to grow and adhere to the membrane for 10
days. Then, the conditioned media (CM) was replaced after washes in phosphate
buffered saline (PBS) with two alternative conditions: serum free (DMEM with 1%
P/S) or EV-depleted FBS media, in which normal FBS was substituted with 10%
of Gibco EV-depleted FBS (Thermo-Fisher, UK) (Figure 2.3). In the latter
condition, media in the outside compartment was replaced with 5% normal FBS
and 1% P/S in DMEM. The outside media was replaced weekly in both conditions.
The EV-enriched CM, harvested weekly, was centrifuged at 300xg for 5 min (21
°C). The supernatant was collected and centrifuged again at 2000xg for 5 min

(21 °C). The supernatant was then stored at - 80 °C until further use.

DMEM
DMEM 10% EV-dep FBS
1% PIS 1% P/S
10% FBS pMEM 5% FBS DMEM

1% P/S —» Media compartment < 1% PIS

0000 0000000000000 O - Cell compartment il 0.0 00 00000000 000000

A B

Figure 2.3. Serum free condition and EV-depleted serum-enriched condition in bioreactor
flasks. Schematics of Wheaton® CELLine™ Adherent bioreactor flasks showing the two
alternative conditions investigated. (A) Serum free CM was replaced to the cell compartment after
10 days of equilibration. (B) EV-depleted media was replaced to the cell compartment after 10
days of equilibration. The media in the outside compartment was also replaced with DMEM with
5% FBS media instead of 10%.

45



2.3.5.2 EV purification by size-exclusion chromatography

The conditioning media was concentrated through Vivaspin® 20 (100 kDa
MWCO) (Sartorius, Germany) to reach a volume of 0.5 ml at 3000g. EVs were
separated from soluble factors by size exclusion chromatography in 14 ml of
sepharose CL-2B (GE Healthcare, Uppsala, Sweden) loaded in disposable
Econo-Pac columns (Biorad, Watford, UK) and eluted in PBS. Twenty fractions

of 0.5 ml were obtained from each column.

2.3.5.3 Protein quantification with BCA assay

Protein quantification assay was performed on fractions 1-20 using bicinchoninic
acid (BCA) assay to evaluate the protein content in each SEC fraction and pooled
SEC fractions. BSA was used to generate 1:2 serial dilutions between 15.625 -
2000 pg/ml as a standard curve. Then, 10 pl of samples and standard were
placed in 96 well-plate in duplicate, with 100 pl of working reagent, consisting of
copper sulphate Il solution (Sigma-Aldrich®) and BCA solution (Sigma-Aldrich®)
in a 1:50 ratio. The plate was incubated at 37° C for 1 hour. Absorbance was read
at 570 nm (0.1 s) with a Wallac Victor2™ 1420 multilabel counter (Perkin-Elmer,
USA). Absorbance from standards was used to create a standard curve and

protein concentration was calculated for each fraction.

2.3.5.4 Transmission electron microscopy

To evaluate EV morphology, membrane integrity and size, transmission electron
microscopy (TEM) was performed at the Electron Microscopy facility, Faculty of
Science, University of Sheffield. EVs were transferred through absorption onto
carbon-coated copper grids for 1 minute, quickly dried with filter paper and then
washed twice with water. Then filtered 2% uranyl acetate was used for 2 min to
negatively stain the EVs. Excess liquid was removed with filter paper, and the
grid was allowed to dry for 10 min, the grids were then stained in Uranyl Formate.
Grids were visualised on a FEI Tecani G2 Spirit BioTwin (PennState, USA) TEM,
and images were recorded using a Gatan Orius 1000B CCD camera and Gatan

Digital Micrograph software (Gatan, USA) at the University of Sheffield facility.

2.3.5.5 Western Blot for TSG101 and GM130

To confirm the presence of EVs in the SEC fractions, positive (TSG101) and
negative (GM130) markers of EVs were investigated by western blots. Cell
lysates were used as negative controls to evaluate marker specificity. Antibodies

against TSG101 (ab2386 mouse monoclonal [CUB 7402]; Abcam, UK; 1:1000
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dilution) and Golgi matrix protein GM130 (ab52649 rabbit monoclonal [EP892Y];
Abcam, UK; 1:1000 dilution) were used. A volume of 15 pl of determined SEC
fractions was loaded in 10% sodium dodecyl sulphate (SDS)-polyacrylamide
resolving gels and electrophoresed in running buffer (0.25 M Tris, 1.92 M Glycine,
1% wi/v SDS) at 120 V for 1.5 hr. The resolved proteins were transferred onto the
nitrocellulose membrane in transfer buffer (1:1:5 RTA Transfer Kit: EtOH:dH20)
(Bio-Rad, UK) using Trans-Blot® Turbo™ transfer system (Bio-Rad, UK) for 7
min. The membrane was then blocked with blocking buffer 5% w/v non-fat dried
milk (Marvel, UK) in washing buffer 0.05% Tween20 in Tris Buffered Saline) at
RT for 1 hr. TSG101 and GM130 primary antibodies were added to the blocking
solution and left ON at 4°C. The membrane was rinsed and washed three times
for 10 min each with washing buffer before IRDye 800RD goat anti-mouse or
IRDye 680RD donkey anti-rabbit secondary antibodies (1:10000 dilution; LI-COR
Biosciences, UK) were added and incubated at RT for 1 hour. The membrane
was washed again three times in washing buffer and then analysed using Li-Cor®

Odyssey® instrument.

2.3.5.6 Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA) of EV fractions from serum free bioreactor
isolations was performed to evaluate particle count and size with Zetaview®
(ParticleMetrix, Germany) available at the department of Oncology and
Metabolism (Medical school) at University of Sheffield. Briefly, EV fractions were
diluted to obtain an ideal concentration between 1 — 5x108 particles/ml. Then, 15
ml of particles were introduced in the instrument. 11 positions were taken for each

analysis.

2.3.5.7 NanoFCM

To confirm the EV size and content, pooled fractions were further characterised
in particle count, size and tetraspanin markers (CD9, CD81, CD63) using a
nanoanalyser instrument based on nanoflow cytometry (nanoFCM) through
collaboration with NanoFCM Co., Ltd (MediCity, Nottingham, UK). Briefly, 10 pl
of unlabelled EVs were first analysed to assess particle count and size. EVs were
compared to QC beads (250 nm silica standard) and size beads (68, 91, 113 and
155). Then, 2x108 particles were labelled with FITC/APC conjugated antibodies
for CD9, CD81 and CD63 (1:10) and incubated at RT for 30 min. Finally, 10 pl

was run on the instrument.
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2.3.6 Conditioning with SW480/SW620 EVs

Routine treatments with EVs were based on protein concentration assessed by
the BCA assay. To observe EV uptake, SW480 and SW620 EVs were labelled
with 500 nM CellTracker™ Deep Red (Thermo-Fisher, UK) for 30 min and then
ultracentrifuged for 1 hour at 100,000g with an Optima™ MAX Ultracentrifuge
(Beckman-Coulter, High Wycombe, UK) to remove the excess of dye. Then, 50
pg/ml of SW480 EVs or SW620 EVs were introduced in serum free DMEM in the
upper compartment of the transwell model at day 0, after the invasion of cancer
cells, and at day 4 of the cultures described before (Section 2.3.3.1). A control
treatment of only PBS with the same volume of EVs introduced was also
performed. The bottom compartment of the transwell was replaced by DMEM
with 10% EV-depleted FBS. For this treatment, the 3D cultures were maintained
until day 7 exclusively. The 3D models were then fixed and processed accordingly
(Section 2.3.4).

2.3.7 Quantitative measurements of CRC invasion

Tile images from the histological staining sections were taken at 20x
magnification, to obtain a high resolution of all the samples. All the analyses were
performed with ImageJ 1.5i software. Scale bars from the images were used to
set the scale of the measurements. The horizontal set point was taken
considering the invasive front of cancer cells always at the top of the sample
(Figure 2.4). The perimeter dividing cancer cells and matrix was defined as front
of invasion. Freehand selections were drawn following the area of the SW480
cells or cluster cells invading the matrix and area size were acquired. A threshold
of 70 um? (which corresponded to a single nuclei observation) was considered
when separating between single cells and cell clusters. Five measurements of
the length of invasion were taken where the clusters were found at the furthest
distances from the invasive front. The five biggest clusters observed in the
samples were also measured in their vertical length to see whether EVs impacted

on the direction of invasion towards the matrix.
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Figure 2.4. Setting of quantitative measurements of invasion. Representative histological
image showing the measurements on the invasion of SW480 cells in the stroma. Measurements
were performed with ImageJ software (n=2 for each condition).

2.3.8 Statistical analysis

Statistical analysis was performed using Prism 8.1.1. Data were tested for
normality (gaussian distribution) with two modalities: D’Agostino & Pearson test
(for data with n > 3) and Shapiro-Wilk test (for data with n < 3).

As the groups tested were 3, multiple comparison tests were employed for all the
dataset of this chapter. Multiple comparison through ordinary one-way analysis
of variance (ANOVA) with Tukey’s test as post-hoc analysis was performed for
parametric data, while Kruskal-Wallis (KW) test with Dunn’s test as post-hoc
analysis was performed for non-parametric data. P-values < 0.05 were

considered significant.

Data representation varied according to the number of replicates and the normal
distribution. For data with n < 6, individual values were shown. When data were
shown as summary, mean * standard error of the mean (SEM) was used for
parametric data, whereas media + 95% confidence interval (Cl) was used for non-

parametric data.
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2.4 Results

2.4.1 Optimisation of a 3D model of colorectal cancer invasion

Initially, the three different models were compared to obtain a system showing a
reproducible layer of invasion. Samples were collected at day 1 and day 3. The
size of all the gels prior to processing was around 2-3 mm. Once processed, all
the models were subjected to shrinkage (about 1 mm) due to dehydration during
the tissue processing (data not shown). Histological analysis of the samples was
performed to evaluate the gel conditions and the cancer cell layer (Figure 2.5).
The transwell model and gel spheroid model showed a thin layer of SW480 cells
at the top of the gel (Figure 2.5A, B). In the embedded spheroid model at day 1
no spheroid was found, while at day 3 a cancer cell spheroid was present
surrounded by a highly fibrotic area (Figure 2.5C). Evenly distributed foci
indicating the presence of HFF2 fibroblasts were found in the transwell model,

but they were scarce in the gel spheroid and in the embedded spheroid.
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Figure 2.5. 3D models of CRC invasion. H&E of sections from day 1 and day 3 3D cultures. (A)
Transwell model; (B) Gel spheroid model; (C) Embedded spheroid model. Cancer cells indicated
by the black arrows; fibroblasts indicated by the red arrows. Scale bar = 50 um.

50



The transwell model was chosen as it showed a measurable and reproducible
layer of cancer cell invasion. Cultures from this model were progressed for 7 days
and 14 days. A decrease in size was observed during the time of the culture due

to the presence of fibroblasts progressively contracting the gels (Figure 2.6).

c Day 1

400 ym

Figure 2.6. Gel contraction. (A) Schematic representation of gel contraction in the Transwell™
inserts. (B) Photograph of contraction of the gel at day 7. (C) Representative H&E from 3D models
at day 1, day 3 and day 14 of culture (n=1). Maximum diameter length measured with Image J
software.

MRCS5 fibroblasts were used in gels as an alternative to HFF2 fibroblasts for two
reasons; first, to observe whether differences in the behaviour of fibroblasts in the
gel are depending on the cell line. Secondly, MRC5 cells derive from lung,
relevant for adapting the model for future analysis on lung metastasis. At day 7
of culture, clusters of invasive SW480 were observed and were morphologically
discernible from the fibroblasts in the matrix (Figure 2.7A). While some of these
clusters appeared to remain connected to the compact front of invasion, others
were detached from it at different distances. Maintaining the culture until day 14
showed an increase in number and size of the cancer cell masses (Figure 2.7A).
The rich collagen-based matrix was observable by blue staining of the Masson’s

Trichrome stain, which highlighted the fibrillar structure of collagen (Figure 2.7B).
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A SW480/HFF2 SW480/MRC5

Day 14

SW480/HFF2

SW480/MRC5

Figure 2.7. Example of histological staining of CRC invasion 3D models. (A) H&E of sections
from day 7 and day 14 of the 3D culture showing the areas of cancer invasion (20X). Clusters of
SW480 cells that invaded in the collagen matrix are indicated with arrows: white arrows = clusters
attached to the front of invasion, black arrows = distant clusters. (B) Masson’s Trichrome staining
of sections from day 14 of 3D culture. Higher magnification images shown in inserts.
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Immunohistochemical staining for Ki67, a proliferative marker, was observed only
at day 7 of the cultures, with the protein strongly expressed by SW480 at the front
of invasion and occasionally by the clusters closer to the front (Figure 7). At day
14, Ki67 was not expressed by SW4380.

Isotype control SW480/HFF2 SW480/MRC5

Day 7

Day 14

Figure 2.8. Proliferation of SW480 in the 3D model of invasion. Representative image of IHC
for Ki67 (brown staining) marker of proliferation at day 7 and day 14 of the culture. Black arrows
indicate the cells positive for Ki67. Haematoxylin as nuclei counter stain (blue). Scale bar = 50

pm.

2.4.2 Characterisation of SW480 and SW620 EVs from CELLine™
Bioreactor

2.4.2.1 Size and particle count of SW480 and SW620 EVs from serum free
culture
SW480 and SW620 EVs from serum-free bioreactors were characterised for
protein concentration, size and particle count. To obtain a high yield of EVs, cells
need to be cultured at densities not achievable with a normal 2D monolayer. For
this reason, SW480 and SW620 cells were cultured in Wheaton® CELLine™
adherent bioreactor flasks, which allow cells to grow into a system of 3D
membranes increasing the surface area 50-fold (Artuyants et al., 2021). The
membrane has a molecular weight cut-off of 10 kDa that separates the cells from
the media chamber and allows the enrichment of cell derivatives (EVs, larger
soluble proteins). Once injected, adherent and viable cells cannot be removed
until the end of the bioreactor culture. Once every week, conditioning media (CM)
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was harvested from the cell compartment and SEC was chosen as the isolation
method, following minimum information for the study of extracellular vescicles
(MISEV) guidelines (Théry et al., 2018). BCA assay was performed on the
fractions from the two bioreactor conditions tested to evaluate the protein
concentration at different stages of the life of the bioreactor (Figure 2.9A, Figure
2.10). At later fractions, soluble proteins were generally present at high
concentrations. Nanoparticle tracking analysis was performed to evaluate size
and particle count of the EV fractions. Mean size decreased from F8 to F10, with
SW480 EVs bigger than SW620 EVs (Figure 2.9B). The number of particles was
high for EVs derived from both cell lines, with SW620 EVs generally higher, which
aligned with the BCA assay data.
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Figure 2.9. Protein concentration, size and particle count and marker of SW480 and SW620
EV fractions from serum free conditioning. (A) BCA assay of fractions from SEC for SW480
and SW620 CM. (B) Size obtained with nanoparticle tracking analysis (NTA) of the three fractions
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with highest protein concentration; Mean + SEM (n=3). (C) Particle counts obtained with NTA of
the three fractions with highest protein concentration; Mean + SEM (n=3).

2.4.2.2 EV production from serum free media and EV-depleted serum
enriched media cultures
During the first four/six weeks of both conditions, EVs were enriched in protein,
with the highest concentration generally around 1000 pg/ml (Figure 2.10A, B).
After two months of culture, a sharp drop in protein concentration could be
observed in the serum-free bioreactors (Figure 2.10A). In the EV-depleted serum-
enriched bioreactors, proteins were still detectable with the assay, although the
separation between the EVs peak and the soluble proteins peak was less evident
due to a further increase in the soluble protein fractions (Figure 2.10B). EV-

depleted serum-enriched condition was chosen for maintaining bioreactors in the

long term.
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Figure 2.10. BCA Assay of CM from serum free bioreactors and EV-depleted serum-
enriched bioreactors. Early harvest indicates CM collected in the first two weeks of the
bioreactor life. Late harvest indicates CM collected after two months of the bioreactor life. (A) BCA
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Assay of the CM from serum free bioreactors. (B) BCA Assay of the CM from EV-depleted serum-
enriched bioreactors.

2.4.2.3 Size, particle count and EV markers in EVs derived from SW480 and
SW620 cultured in EV-depleted FCS media
TSG101 is involved in EV biogenesis, and GM130, a protein associated to Golgi
intracellular membranes, were used respectively as positive and negative
markers for the isolated EV fractions deriving from the bioreactors with EV-
depleted media (Figure 2.11A). Fraction 20 deriving from SEC showed high
concentration of soluble proteins, thus was used to compare against the effects
of EVs. GM130 was absent in all the EV fractions and soluble proteins fractions
but present in the cell lysate (Figure 2.11A). TSG101 was found in the EV
fractions, the lysates, but not in the soluble protein fraction. Results were
comparable between the two cell lines. For all the experiments involving SW480
and SW620 EVs as treatment, the three EV fractions with the highest protein
concentrations from each SEC isolation were combined (8-10). Particle size,
count and three most common tetraspanins (CD9, CD31, CD81) were analysed
by NanoFCM to confirm the preservation of EVs in the pooled solution and
throughout the bioreactor culture time (Figure 2.11D). CD9 was the most
prevalent marker in both EV types, while CD63 and CD81 were found stably at
around 10% positivity. While small variations were observed in terms of size,
particle count dropped from 10*! to 100 after one month for SW620 EVs. A similar
decrease was observed in SW480 EVs at the end of the bioreactor life, which

was about three months after seeding (Figure 2.11E).
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Figure 2.11. SW480 and SW620 EVs from EV-depleted bioreactors. (A) Western blot for
TSG101 and GM130 of SW480 and SW620 EV fractions. (B) TEM images of CRC EVs. Scale
bar = 200 nm. (C) Example of dot plots from NanoFCM analysis. CD9 expression population
gated and coloured in red. (D) Summary of EV markers. Mean + SEM (n=3); (i) CD9, (ii) CD63,
(iif) CD81 at three timepoints of the bioreactor life. (E) NanoFCM particle size at three timepoints
of the bioreactor life. (F) NanoFCM particle count at three timepoints of the bioreactor life.

2.4.3 Impact of CRC EVs on cancer cell invasion

First, the retainment of EVs in the matrix was assessed by observing labelled
EVs in the 3D models. After 7 days, fluorescence was observed in both treated

gels, whereas no staining was identified in the untreated gels (Figure 2.12).
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Figure 2.12. EV labelling showed presence of EVs in the 3D model of invasion. Confocal
images of SW480/SW620 EVs pre-labelled red with CellTracker™ Red CMTPX inside the 3D
model at day 7 of culture. Nuclei counter stained with DAPI (blue). Scale bar =5 um.

To investigate whether EVs had an impact on the invasion profiles of SW480,
guantitative measurements were taken based on stained sections from the 3D
invasive culture treated with CRC EVs for 7 days. In particular, the ratio between
single cells and larger clusters of cells, the length of the clusters and the depth of
the invasion were quantified. Upon treatment with SW620 EVs, less single cell
invasion was observed (P < 0.01) in favour of an increase of cell clusters (P <
0.01) (Figure 2.13B). Measurements were taken in the regions where the invasion
was found > 50 um in the matrix. SW620 EVs significantly increased the depth of
invasion compared to PBS control (P <0.001) and SW480 EVs (P <0.01) (Figure
2.13C). Both primary and metastatic EVs impacted on cluster length and areas,
although only the SW620 EVs increase was significant (P < 0.0001) (Figure
2.13D, E). Interestingly, the effects on depth of invasion and cluster length
deriving from the two types of EVs were also significantly different (P < 0.05)
(Figure 2.13C, D).
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Figure 2.13. Quantitative measurements of SW480 invasion upon treatment with CRC EVs.
(A) Representative image of cluster cells (red), single cells (yellow). (B) Ratio between single cell
and cluster invasion in percentage. Particles < 70 um?2 were considered single cells. Particles >
70 um? were defined as clusters. Mean + SEM (n = 3); ANOVA, ** P £ 0.01. (C) Depth of invasion.
Measurements were taken in the regions where the invasion was > 50 um inside the matrix. Min
to max (n=3); Kruskal-Wallis ** P < 0.01, *** P < 0.001 (D) Length of clusters invading in the
matrix. Measurements were taken of the 10 biggest clusters that were detached from the invasive
layer per sample. Min to max (n=3); Kruskal-Wallis * P < 0.05, **** P < 0.0001. (E) Areas of cluster
cells. Min to max (n=3); Kruskal-Wallis.

Expression of markers of invasion was investigated in the single cells/clusters
region of interests (ROIs). E-cadherin expression significantly increased in both
SW480/SW620 EV treated cultures compared to the control (P < 0.0001) (Figure
2.14B). Increase in N-cad was identified in 3D models treated with SW620 EVSs,
statistically significant from the PBS control (P < 0.01) and the SW480 EVs
condition (P < 0.0001). Similarly, p120 increased with SW620 EVs, significantly

compared to the PBS control and SW480 EVs treatment (p<0.0001).
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Figure 2.14. EMT proteins expression in conditioned 3D models of invasion. (A) Representative images of IF staining for E cad (red), N cad (green) and P120
(yellow) in CRC EVs treated 3D models. DAPI (blue) was used as counterstaining for nuclei. All the captured images show the layer between the front of invasion and
the stroma. Scale bar = 20 um. (B) E cadherin (555 nm wavelength) mean grey intensity. Median with 95% CI (n=3); Kruskal-Wallis **** P < 0.0001.(C) N cadherin
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95% CI (n=3); Kruskal-Wallis **** P < 0.0001.



2.5 Discussion

Invasion is a key event in the progression of cancer towards metastasis. With this
chapter, a reproducible organotypic 3D model of quantifiable CRC invasion was
optimised and characterised. The main aim was to obtain a 3D model to evaluate

the involvement of CRC EVs in patterns and mechanisms of cancer invasion.

2.5.1 Selection and characterisation of 3D organotypic models

of invasion

Of the three 3D model templates initially developed to create a reproducible front
of invasion, the template based on transwell inserts was the most robust in the
representation of an invasive layer of cancer cells. A lack of development of a
homogeneous matrix and absence of fibroblasts at day 3 was observed in the gel
spheroid model, whereas in the embedded spheroid model, cancer cells poorly
adhered to the matrix. In the transwell template, the 3D culture was placed in the
upper compartment and the cancer cells were invading in serum free conditions.
The presence of the bottom well allowed the formation of a nutrient gradient that
worked as a chemoattractant for the cancer cell to invade in the matrix. The matrix
conditioned by the presence of fibroblasts was prepared before the invasion of
cancer cells, thus allowing a window of time to treat the gels with EVs and

mimicking the PMN in future studies.

Matrix stiffness is a relevant factor in cancer invasion and for this reason, it is
crucial to work with an in vitro model able to preserve biomechanical properties.
Collagen type | at the concentration of 3 mg/ml polymerises to give a stiffness of
about 2000 Pa, which is the minimum requirement for tissues (Wells, 2013).
Further matrix contraction was observed after day 3 of the culture, with the gel
visibly shrunken in the inserts. This has been previously observed and linked to
the biomechanical activity of fibroblasts, and it is a fundamental feature when
studying stromal interactions (Liu et al., 2020). At the end of the cultures, samples
were treated as formalin-fixed paraffin-embedded (FFPE) tissue for further
immunohistochemical and histological analysis. The choice was mainly due to
the practicality in orientating the samples for the cross-sectional cut. One of the
main disadvantages of FFPE is tissue shrinkage, which can lead to incorrect size

measurements. The contracting feature linked to fibroblasts observed prior to
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processing was however unaffected and observable also in the microtome
sections, thus confirming FFPE processing was suitable for these 3D models.
Higher magnification of Masson’s Trichrome staining also allowed observations
on the structure and orientation of the collagen fibrils in the matrix, which however
were not quantified, but may be of interest in future work now that the model

system is established.

Histological images showed cancer cell invasion increased from day 7 to day 14.
Along with the increase in invasion, a decrease in proliferation was indicated by
the downregulation of Ki67. Even though the two mechanisms can be present at
the same time, and they identify the most aggressive cancer cells, it has been
shown that cells tend to switch between proliferative and invasive phenotype due
to their high plasticity (Lattmann et al., 2021; Rabie et al., 2021). Considering that
Ki67 is commonly used as a cancer cell marker, particularly for SW480, the
absence of Ki67 could also mean that the serum free condition was reducing
cancer cell activity, thus making it difficult to use day 14 to obtain quantitative
measurements. For further quantitative experiments, the 3D models were

therefore cultured for 7 days.

2.5.2 Isolation and characterisation of CRC EVs

EVs were isolated from the patient-matched primary and metastatic CRC cell
lines SW480 and SW620. Low yield is a common issue when working with EVs.
Functional studies are often limited by the amount of EVs that monolayer culture
produces. Here a cell culture bioreactor, previously used for EV studies
(Artuyants et al., 2021), was optimised for the study needs. The bioreactor allows
the culture of a high number of proliferative cells into a 3D membrane for a long
period. At every media change (weekly), the secretome with a cut-off of 10 kDa
can be extracted as it is retained in the inner chamber where cells grow. High
particle count and protein concentration were observed in the SEC fractions
deriving from the weekly harvest, allowing accumulated storage of EVs needed

for the study.

Another concern when working with functional EV studies is the EV contamination
in common nutrients used in cell culture. EV yields in animal sera, such as FBS,
are generally quite high, resulting in data misinterpretation (Lehrich et al., 2021).

Thus, the cells must be cultured in a medium free from EV contaminants. Initially,
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SW480 or SW620 were introduced in the inner compartment of the bioreactor in
a starvation condition, without serum. To compensate for the lack of nutrients,
10% serum was introduced in the outside compartment where serum EVs could
not interfere with EVs from the culture. Particle size and count were found quite
high throughout, while protein concentration profiles of the EVs drastically
dropped for both cell lines after a month-long culture, thus suggesting a change
in the cells and in the EV phenotype (Figure 2.10). This could derive from the
long-term starvation that cells were subjected to in the bioreactor, but also by the
harsh osmotic gradient created between the two membranes.

Starvation was then avoided by the introduction of 10% EV-depleted FBS in the
inner compartment. The gradient was also inverted by lowering the normal FBS
in the media compartment to 5%. Consequently, protein levels in EV fractions
were consistent for a longer period, aligning with particle count analysis. EVs
deriving from EV-depleted FBS media were then fully characterised following the
minimum requirements stated by the MISEV guidelines (Witwer et al., 2021).
Presence of TSG101 compared to the absence of anti-Golgi marker GM130 from
the WB confirmed that the particles in the SEC fractions were of extracellular
nature. The intact structure and morphology of the isolated EVs were observed
through TEM, highlighting the lipid bilayer. The three tetraspanins tested with
nanoFCM in the pooled fractions showed that the positivity was generally lower
than 50% with variation between the different tetraspanins, which is due to the
heterogeneity and subpopulations of the EVs isolated (Lees et al., 2022; Mizenko
et al., 2021) (Figure 2.11D). To confirm the feasibility of long-term culture of the
adapted bioreactor, particle size and counts were analysed with NanoFCM,
showing no differences in terms of size and a slight decrease of particle count at
the end of the culture (Figure 2.11E, F).

2.5.3 SW620 EVs increase SW480 cell line invasion

To assess the influence of CRC EVs on the invasive potential of SW480, different
measurements based on the images were taken. Cancer cells can invade
singularly or in clusters, with the latter attributed to a more aggressive phenotype
(Fujiyoshi et al., 2020). The concentration of EVs employed for the treatment
hasn’t been titrated, but it was chosen after literature search (Payton et al., 2021;
Schillaci et al., 2017).
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SW620 EVs, which derive from an advanced stage of CRC, increased invasive
cluster depth, length and size, compared to the untreated and the earlier stage
SW480 EVs, thus suggesting that the stage of the EVs might play a pivotal role
in the level of invasion. It was previously demonstrated that in monolayer culture
metastatic EVs induced endothelial permeability (Schillaci et al., 2017), but
invasion patterns have never observed in 3D. N-cad and p120 are proteins strictly
associated with invasion and the ability to degrade the ECM (Cao et al., 2019;
Kourtidis et al., 2013). Increased expression of N-cad and p120 were observed
in the treatment with SW620 EVs, confirming their activity on inducing an
aggressive phenotype. SW480 EV treatment didn’t significantly affect any of the
measurements, although an increase in size and depth of the clusters was

observed.

In addition to these measurements, the ratio between single cells and clusters of
cells invading was investigated. It is important to note that the ratio analysis
adopted was semi quantitative, and dependent on the cross sections taken for
the measurement. To avoid mistakes in the data interpretation, the
measurements were taken from multiple cuts from each sample, to reduce
variability. In all the treatments the number of single cells was lower than the
number of cancer cells invading the matrix as aggregates, denoting an important
feature and possible finding of the 3D model in mimicking single cell invasion.
Despite this, differences on the percentages of single cells/clusters were
observed after cancer EV treatments, with the opposite trend. While the increase
of clusters lead by SW620 EVs could be linked to their advanced stage, the
increase of single cell invasion with SW480 is harder to associate to a biological
function. Since invasion of single cells was observed mainly with SW480 EVs, it
was hypothesised that higher loss of cell-to-cell adhesion and E-cad decrease
would be found, thus implying cells undergoing EMT. Nonetheless, E-cad
expression was significantly higher with both EV treatment when analysed with
IF. It was previously demonstrated that E-Cad can be a component of the cancer
EV surface proteins. When present in the EVs, the protein was linked to cancer
progression, by promoting angiogenesis through interactions with another type of
adhesion molecule named VE cadherin (Tang et al., 2018). The high expression
of E-cad in the treated cultures was indeed observed as a general increase of
noise in the gel, non-specific to the invasive layer, thus suggesting a possible
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expression of E-cad in the EVs. Proteins from the same family were observed in
proteomic analysis of both cell types (Suwakulsiri et al., 2019). Therefore, a

follow-up study should be conducted to confirm E-cad expression in CRC EVs.

2.6 Conclusions

The aim of this chapter was to develop a biologically relevant in vitro 3D model,
suitable for analysing the role of EVs in patterns and mechanism of CRC invasion.
The organotypic culture based on transwell inserts was able to recapitulate a
reproducible front of invasion. By culturing patient matched SW480 and SW620

cell lines in bioreactors, a high yield of EVs was obtained.

The treatment with advanced stage SW620 EVs led to increased invasion of
primary SW480 cells in the matrix, suggesting a change into a more aggressive
behaviour. Further analysis focussed on phenotypical changes of the conditioned
SW480 cells are needed to confirm the observations. The treatments with the two
CRC EVs differed in their influence on invasive mechanisms of cells, suggesting
a stage-dependent effect and a potential use of cell responses to EVs as cancer

biomarkers.

The expression of proteins linked to invasion was influenced by the presence of
CRC EVs. N-cad and p120 were found to increase after SW620 treatment. Gain
of E-cad expression was however contradictory to previous studies and further
investigations must be conducted to understand the role of E-cad in EVs and in

EV driven invasion.
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3 Impact of CRC EVs on a 3D model of lung
metastasis

66



3.1 Introduction

Metastatic progression is the primary cause of treatment failure and high mortality
in cancer patients. For a cancer to metastasise, cancer cells that have
successfully detached from the primary site need to encounter the physical
pressure of the circulation, extravasate towards the new tissue and adapt to a
completely new microenvironment. Of the cells that reach the new tissue, only a
few will succeed. The seed and soil hypothesis, initially proposed by Paget in
1889, has been extensively demonstrated in the last decades, emphasising that
malignant cancer cells are supported by the new microenvironment (Akhtar et al.,
2019; Paget, 1989). These changes have been observed to happen early in the
disease, before the invasion of cancer cells, with the formation of the pre-
metastatic niche (PMN) (Peinado et al., 2017). To date, the events known to
contribute to shaping the PMN include alterations to vascular permeability,
angiogenesis, remodelling of the extracellular matrix (ECM) and the deregulation

of the immune features of the tissue (Doglioni et al., 2019).

Extracellular vesicles (EVs), alongside other soluble factors such as chemokines
and cytokines, are released by cancer cells into the circulation, they reach distant
sites and are hypothesised to favour the future establishment of metastases.
Cancer EVs act selectively by expressing surface integrins which are recognised
by target cells, mediating their role in metastatic organotropism (Hoshino et al.,
2015). A major feature that allows the invasion of cancer cells is ECM remodelling
and above all matrix degradation driven by matrix metalloproteinases (MMPS),
which has been observed already in the PMN (Paolillo & Schinelli, 2019). Matrix
metalloproteinases have been found in cancer-associated EVs, contributing to
ECM remodelling, alongside activation of tumour microenvironment (TME)
components such as cancer-associated fibroblasts (CAFs), which further secrete
MMPs (Shimoda, 2019). Extracellular matrix proteins and collagens vary
according to the specific organ; for example, lung interstitial matrix is mainly
composed of collagen type | and Ill, but it is also enriched by other minor type of
collagens which might be targeted by specific MMPs present in the EVs (Liu et
al., 2021). Understanding the tissue-specific changes in the ECM at PMN stage
can reveal early biomarkers and new targets for the treatment of specific

metastasis.

67



A lot of the current knowledge about the PMN was obtained by investigating lung
metastasis. The lungs are the second most recurrent site of colorectal cancer
(CRC) metastasis (10-20%) and they are the site of metastasis most shared
between different types of cancer (Riihimaki et al., 2018). In CRC, patients with
lung metastasis showed higher overall survival compared to patients presenting
with metastasis to other organs, such as liver and brain (Prasanna et al., 2018).
Despite the main findings being based on animal models, in vivo preclinical
models cannot be used to study syngeneic metastasis, which means metastasis
with the same genetic background of the host (Francia et al., 2011). Once again,
in vitro 3D models can prove useful to fill the gaps of animal-based research. With
the most recent technologies, they also allow innovative ways to follow all the

steps of malignancy, from the early PMN to fully developed metastasis.

3.1.1 Existing 3D models of lung metastasis

Recently, developments in in vitro 3D models were focussed on the
establishment of a relevant representation of the metastatic niche (Goliwas et al.,
2021; Ramamoorthy et al., 2019; Shinde et al., 2020). For example, a 3D model
of lung metastasis based on a fully engineered perfusion bioreactor was created
to assess the EV-mediated crosstalk between metastatic cancer cells and TME
cells (Goliwas et al., 2021). This model was able to show that EVs secreted from
fibroblasts in the lung TME support the deregulation of the immune response
mediated by cancer cells. In another study, cancer EVs were added to a primitive
lung organoid, where increased colonisation of CRC cells was observed,
demonstrating that the 3D model developed was suitable to be used as a support
in the evaluation of treatment for personalised medicine (Ramamoorthy et al.,
2019). Little is known about the ability of in vitro 3D models to show proteomic
and cellular changes in the PMN and in metastasis. To address this, the model
requires a relevant representation of the site-specific ECM and the cellular

components with the main influence on matrix modifications.

3.1.2 MALDI mass spectrometry for the study of ECM proteins

Matrix-assisted laser desorption/ionisation mass spectrometry (MALDI-MS) is a
high-throughput approach that has been useful in exploring proteomic changes
in several diseases, including cancer (Merlos Rodrigo et al., 2014). MALDI-based
proteomic studies generally employ in situ digestion of proteins coupled with

imaging to obtain information on analyte localisation. The identification of the
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proteins present in the tissue is then obtained by a bottom-up approach, where
proteins are enzymatically digested before mass spectrometry (MS) analysis.
Spectral profiling of peptides enables the identification of proteins present in the
sample with the help of database matching. MatrisomeDB, a specific database
for ECM proteins, has been developed and collects information for the detection

of ECM alterations in many diseases (Naba et al., 2012).

Notably, collagens - key components of the ECM - are not easily accessible to
enzymes, such as trypsin, which is commonly used in bottom-up MS approaches.
This is due to post translational modifications and collagen cross-linking.
Bacterial collagenase 11l (COLase Ill) is an MMP that shows unbiased cleavage
of collagens (Angel et al., 2019). Combined MS analysis derived from these
enzymatic digestions has also led to the enrichment of matrix information (Clift et
al., 2021). Metabolic studies of 3D models have been successfully carried out by
MS technologies (Flint et al., 2020; Russo et al., 2018). However, the evaluation

of proteomic changes in ECM relevant 3D models hasn’t been achieved to date.

3.1.3 Aims of the chapter

In this chapter, a 3D model of lung stroma was developed to study cellular and
proteomic changes driven by CRC EVs in the PMN and metastasis. The first aim
was to develop a relevant model of lung TME and characterise its stability and
cellular content. After the treatment with CRC EVs, immunohistochemical
approaches were adopted to assess whether EVs impacted on alteration on the
cellular phenotypes and viability. MALDI-MS was also employed to screen
proteomic differences between the treatments. Lastly, metastatic invasion was
introduced in the model after the conditioning with SW480 or SW620 CRC EVs
to understand the onset of the PMN remodelling and the support of EVs for the

invasion of cancer cells in the lung metastasis.
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3.2 Materials and Methods

3.2.1 Experimental design

A lung 3D model was first developed based on the composition of Chapter 2
(Figure 3.1). Density of MRC5 was adapted and two more cell lines were
introduced: THP-1 as macrophages and HULEC-5a as endothelial cells. Viability,
markers expression and inflammatory cytokines were assessed to characterise
the model. Then, SW480/SW620 EVs were used to condition the model and
mimic the PMN. Cellular marker alterations were evaluated, along with proteomic
signatures with MS profiling. After 7 days of EV conditioning, labelled SW620
cancer cells were added in suspension in the model and invasion was assessed
alongside cellular markers alteration. Finally, secreted collagens and cytokines

were compared between pre- and post-invasion.
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Figure 3.1. Schematic of Chapter 3 experimental design.
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3.2.2 2D Cell culture
Culturing procedures for SW480, SW620 and MRCS5 cell lines were performed as

described in Section 2.3.2. The human leukaemia monocytic cell line THP-1 and
microvascular endothelial cell line HULEC-5a were purchased from ECACC.
THP-1 cells were cultured in RPMI 1640 basal media (Gibco, Thermo-Fisher, UK)
with 10% v/v FBS and 1% v/v P/S. HULEC-5a cells were cultured in basal
MCDB131 (Gibco, Thermo-Fisher, UK), supplemented with 10 ng/ml Epidermal
Growth Factor (EGF; Fisher Scientific; Loughborough, UK), 1 pug/ml
hydrocortisone (Merck, UK), 10 mM Glutamine (Gibco, Thermo-Fisher, UK) 10%
v/v FBS and 1% v/v P/S. The cells were maintained in a humidified incubator at
37°C and 5% CO: in air. Culture medium was replaced every 3-4 days and cells
sub-cultured (ratio 1:5) with Trypsin-EDTA when reaching 70-80% confluence.
Cells were checked for mycoplasma with MycoAlert© Detection kit (Lonza Ltd.,

UK) every 6 months and were shown to be negative throughout.

3.2.3 3D Cell Culture

A 3D model of lung stroma was developed by adding cells in the same matrix
components described in Section 2.3.3. MRC5, THP-1 and HULEC-5a were co-
cultured in the mixture of collagen type I/Geltrex™ to recreate the lung stromal
tissue. MRC5 density was compared between 528,000 cells/ml, 1,056,000 and
2,112,000 cells/ml. THP-1 monocytes were differentiated in MO macrophages
(dTHP-1) 72 hours before the 3D culture with 50 ng/ml of phorbol 12-myristate
13-acetate (PMA). To monitor the cell ratio, cells were stained for 30 min with
fluorescent probes before the inclusion in the gel; for MRC5, 10 uM of
CellTracker™ green CMFDA (ThermoFisher, UK), for HULEC-5a, 10 uM of
CellTracker™ Red CMTPX (ThermoFisher, UK) and 500 nM of CellTracker™
Deep Red dye (ThermoFisher, UK) for differentiated THP-1 in serum free culture
media were used. Ultimately, the three cell lines were added to the gel mixture at
appropriate experimental density and ratio. The gel was left to set for 1 hour at
37°C and 5% COg, and then cultured for 1, 7 or 14 days in cDMEM supplemented
with 0.05 mM ascorbic acid 2-phosphate (Sigma). The growth media was
changed every 3-4 days.
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3.2.3.1 CRC EVs conditioning

SW480 or SW620 EVs were isolated according to Section 2.3.5.1 and pooled
EVs fractions (7-9) were added to the lung 3D model at a concentration of 50
pg/ml. Control gels (PBS) were simultaneously cultured, where the treatment was
replaced with equal volume of PBS. The first treatment was introduced after the
gels were set. The treatment was repeated at every media change until day 7 of

culture. To evaluate EV uptake, EVs were labelled as described in Section 2.3.6.

3.2.3.2 Invasion of SW620 cells in conditioned lung 3D model

After 7 days of EV conditioning, the lung 3D models were placed in ultra-low
attachment 96-well plates (Figure 3.2). SW620 were labelled with 10 uM Red
CMTPX dye for 30 min and then introduced in the 3D model at a concentration
of 264,000 cells/ml. The cells were left to invade the gel for 3 days before being

fixed.
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Figure 3.2. EV pre-conditioning and SW620 invasion in the lung 3D model. Schematic
representation of the culture steps for the evaluation of EV pre-conditioning and SW620 invasion.
3.2.4 Sample preparation

The lung 3D models were processed as FFPE and stained with H&E and

Masson’s Trichrome as described in Section 2.3.4.

3.2.4.1 Immunohistochemistry

IHC was performed following the method described in Section 2.3.4.3. Sections

of 3D lung were incubated with primary antibodies for: Ki67 to measure cancer

cells proliferation, alpha-smooth muscle actin (a-SMA) (1:1000; ab7817 mouse

monoclonal [1A4]; Abcam, Cambridge, UK) as CAF marker, CD68 (1:8000;

ab213363 rabbit monoclonal [EPR20545]; Abcam, Cambridge, UK) as
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macrophage marker and Von Willebrand factor (VWF) (1:300; ab9378 rabbit
polyclonal; Abcam, Cambridge, UK) as endothelial marker and visualised using
0.04% v/v biotinylated secondary goat anti-rabbit antibody (1:500; ab207995;
Abcam, Cambridge, UK) or rabbit-anti mouse antibody (ab6727; Abcam,
Cambridge, UK) followed by DAB until brown staining was observed (Section
2.3.4.3). Nuclei were counterstained dark purple with Mayer's Haematoxylin. For
CD68, enzymatic antigen retrieval with 0.01% w/v a-chymotrypsin (Sigma) in
0.1% w/v was performed and incubated for 30 min at 37°C. Secondary antibody
host interactions were blocked with a solution containing 1% w/v BSA, 25% v/v
normal goat serum or normal rabbit serum (Merck, UK) to match the species of

the secondary antibody in TBS.

3.2.5 MALDI mass spectrometry analysis

To evaluate proteomic features of the lung 3D model, FFPE sections were
analysed with MALDI-MS profiling and MALDI-MS imaging.

3.2.5.1 Sample preparation for mass spectrometry

For MALDI-MS analysis, paraffin was removed from the sections by incubating
for 20 min at 60°C, followed by washes in high-performance liquid
chromatography (HPLC) grade toluene (Merck, UK) (3 x 4 min). Sections were
rehydrated through washes in 100%, 90% and 70% (3 min each) of HPLC-grade
ethanol and then rinsed in de-ionised water (2 x 3 min). HIAR was performed
using 10 mM Citric Acid at 97°C in a water bath for 30 min. Sections were then
left to stand for 5 min within the hot buffer and placed in dH20 for 5 min. MS-
grade Trypsin Gold (Promega, UK) at 20 pug/ml or collagenase type Ill (Rockland
Immunochemicals, Pottstown, USA) at 100 pug/ml was spotted (1-5 pl). Sections
were then left in a humidity chamber ON at 39° C.

3.2.5.2 Mass spectrometry profiling

Alpha-cyano-hydroxy-aminic acid matrix (a-CHCA) was spotted (0.8 pl) onto the
whole sample at a concentration of 5 mg/ml in a 70:30 acetonitrile:H20 with 0.4%
viv of trifluoroacetic acid (TFA). Analysis were performed using two different
instruments; the first;, MALDI HDMS Synapt G2 mass spectrometer (Waters
Corporation, Manchester, UK) equipped with a neodymium/yttrium aluminium
garnet (Nd:YAG) laser operated at 1 kHz and coupled with time of flight (TOF)
mass analyser. External calibration was performed by using peptide calibration
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standard 1l (Bruker Daltonics GmbH). MALDI-MS profiling was acquired in
positive ion mode at a range of m/z 800 to 3000 (resolution 10 000 fwhm), without
ion mobility function. The second instrument was MALDI Select Series MRT
(Waters Corporation, Manchester, UK) quadrupole TOF (gTOF). External
calibration was performed by using phosphorus red (Merck, UK). Similarly,
MALDI-MS profiling was acquired in positive ion mode at a range of m/z 0 to
2400.

3.2.5.3 Peptide mass fingerprint

To obtain putative identifications of protein from the profiling, Mascot Peptide
Mass Fingerprinting was employed. MALDI HDMS SynaptG2 average spectra
obtained for each profiling was exported as *.txt files in mMass open-source
software. Baseline correction was performed as pre-processing algorithm.
Automated peak picking was then performed (S/N = 3) and the m/z features found
were inserted in Mascot Peptide Mass Fingerprinting (v 2.7.0, Matrix Science,
London, UK) for the identification of putative proteins in Homo sapiens SwissProt
database. Trypsin was selected as cleaving enzyme with 2 missed cleavages.
Carboxymethylated cysteine was set as fixed modification, while methionine
oxidation as variable modification. Monoisotopic masses were searched with
charges set at 1+ and peptide tolerance at 0.05 Da. Mascot probability-based
scoring results to be significant when P < 0.05.

3.2.5.4 In silico digestion

MALDI HDMS SynaptG2 average m/z features from the previous peak picking
were then compared to in silico digestion of some ECM collagens of interest to
see the level of collagen digestion in the 3D model. Collagen type | (CO1A1),
collagen type Il (CO3A1), collagen type VI (CO6AL1), collagen type VII (CO7Al)
and collagen type XI (COBA1) aminoacidic sequences were taken from UniProt
and inserted into Protein Digest feature in mMass. Trypsin was selected as
cleaving enzyme with 2 missed cleavages. Monoisotopic masses were searched

with charges set at 1 with peptide tolerance at 10 ppm.

3.2.5.5 Multivariate analysis

To evaluate how the spectra clustered and separated between the different
conditions, multivariate analysis was performed. MALDI-MRT average spectra
were exported as *.txt files from the instrument and transformed into .csv as

requested by MetaboAnalyst, the open-source online platform for MS multivariate
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analysis. Then, statistical analysis (one factor) was selected and peaks were
aligned through pre-processing with mass tolerance of 0.025. Data filtering was
applied with interquartile range (IQR) filters to discard variables that were unlikely
to be of use. Finally, normalisation was obtained by sum and auto-scaling. Partial
component analysis (PCA), Partial least squares discriminant analysis (PLS-DA)

and hierarchical clustering were automatically performed.

3.2.6 Cytokine Release (ELISA)

Enzyme-linked immunosorbent assay (ELISA) was performed on culture media
of the 3D lung models at day 0, day 7 and day 14 to evaluate the levels of anti-
and pro-inflammatory cytokines and the 3D organotypic model stability. All the
sandwich ELISA assays were performed according to manufacturer’s instructions
of commercially available kits (PeproTech EC Ltd., UK; Bio-Techne, UK) and
concentrations for each target antibody are summarised in Table 3.1. Capture
antibody, detection antibody and Streptavidin-HRP concentrations, alongside the
supernatant dilutions are reported in Table 3.1. ELISA assay antibody
concentrations and standard curve ranges. Nunc 96 well MaxSorp™ ELISA
plates (Thermofisher, UK) were coated with 50 pl/well of capture antibody and
incubated ON at RT. Between every incubation step, plates were washed four
times with 200 ul/well of washing buffer (0.05% Tween-20 in PBS) and blotted on
clean paper towel to remove all the buffer. The following morning the plates were
incubated with 200 pl/well of block buffer (1% BSA in PBS) for 1 hr at RT. Then,
the plates were incubated with 50 pl/well of samples/standards ON at 4°C.
Dilution antibody (50 ul/well) was incubated for 2 hours at RT, followed by 30 min
RT incubation with 50 pl/well of Streptavidin-HRP. The final incubation step was
performed with 50 pl/well of tetramethylbenzidine (TMB) substrate (Fisher
Scientifics, UK). Without washing the plates, the reaction was stopped by adding
50 pl/well of 1M hydrochloric acid (HCI). Ultimately, the optical density of the
reaction was analysed with the Clariostar plate reader at 450 nm wavelength,

with correction set as 620 nm wavelength.
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Table 3.1. ELISA assay antibody concentrations and standard curve ranges.

Cytokine Capture antibody Detection antibody Standard curve

(ng/ml) (Hg/ml) (pg/ml)

IL-4 900-T14 0.5 0.25 7.81-2000

(Peprotech, UK)

IL-6 900-T16 0.5 0.125 7.81-2000

(Peprotech, UK)

IL-8 900-T18 0.125 0.25 0.78-200

(Peprotech, UK)

IL-10 900-K21 1 0.5 11.71-3000

(Peprotech, UK)

MCP-1 DY279 (Bio- 1 0.025 15.6-1000

Techne, UK)

TIMP-1 DY970 (Bio- 2 0.05 31.2-2000

Techne, UK)

TIMP-2 DY971 (Bio- 2 0.0125 31.2-2000

Techne, UK)

3.2.7 Dot blot

Antibodies against collagen type 1l N-terminal (1:2000, 22734-1-AP, rabbit
polyclonal; Proteintech, UK), collagen type VI (1:2000, 66824-1-lg, mouse
monoclonal [3H10B1]; Proteintech, UK) and collagen type XI (1:2000, 21841-1-
AP, rabbit polyclonal; Proteintech, UK) were used on supernatants from 3D lung
cultures, to confirm the presence of signature collagens found by mass spec
profiling. Briefly, 2 pl of samples were spotted onto a nitrocellulose membrane;
the distance between each sample was 1 cm?. The membranes were left to dry
for 10 minutes before being blocked with 5% (w/v) non-fat dried milk in TBST at
RT for 1 hour. Primary antibodies were diluted in blocking buffer and the
membranes incubated at 4°C ON. The membrane was rinsed and washed three
times for 10 min each with washing buffer before IRDye 800RD goat anti-mouse
or IRDye 680RD donkey anti-rabbit secondary antibodies (1:10000 dilution) were
added and incubated at RT for 1 hour. The membrane was washed again three
times in washing buffer and then imaged using Li-Cor®0Odyssey®. Densitometry

values were obtained with Image Studio™.
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3.2.8 Statistical analysis

Statistical analysis was performed using Prism 8.1.1 software. First, data were

tested for normality as previously described (Section 2.3.8).

When the groups tested were 2 (lung pre- vs. post-invasion), T test was
performed for parametric data, whereas Mann-Whitney (MW) test was performed
for non-parametric data. When the groups tested were = 3, multiple comparisons
tests were employed. For unpaired data (lung EV conditioning) ANOVA with
Tukey’s post-hoc analysis was performed for parametric data, while KW test with
Dunn’s post-hoc analysis was performed for non-parametric data. For paired data
(lung optimisation time points), which were all parametric, repeated measures
ANOVA (RM-ANOVA) with Geisser-Greenhouse correction and Tukey’s post-hoc

was performed. P-values less than 0.05 were considered significant.

Data representation as previously described (Section 2.3.8).
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3.3 Results

3.3.1 Development of a 3D model of lung stroma

To obtain the fibroblasts cellularity present in the connective tissue of lungs, three
different concentrations of fibroblasts were tested. No main differences were
observed in MRC5 morphology and cells were distributed homogeneously in all
the gels (Figure 3.3). No differences in matrix structure were found. The density
of 2,112,000 cells/ml was chosen as the closest to the normal interstitial histology

images found in literature (Kamp et al., 2022; Matsushima et al., 2020).

528,000 cells/ml 1,056,000 cells/ml 2,112,000 cells/ml

Figure 3.3 Optimisation of MRC5 density in collagen/Geltrex gels. Representative H&E
images of MRC5 concentrations to mimic the density in the connective tissue of the lung.

HULEC-5a and dTHP-1 were then mixed with MRC5 in the gel to mimic the
stroma of the lung and cultured for 7 or 14 days. The ratio chosen between the
three cell lines was 52.5:30:17.5 according to literature (Crapo et al., 1982;
Travaglini et al., 2020). Morphology was investigated with H&E and Masson’s
Trichrome (Figure 3.4A, B). Cells homogeneously occupied the space in the gel.
A decrease in cellularity was observed in the gels from day 7 to day 14. A
monolayer of elongated cells could be observed covering the border of the gels
(Figure 3.4A).

Release of monocyte chemoattractant protein-1 (MCP-1), IL-6, IL-4 and IL-10 into
the culture media were investigated to evaluate the inflammatory condition of the
3D model; MCP-1 decreased non-significantly from day 4 to day 7(P = 0.6002)
and from day 7 to day 14 (P = 0.2314) (Figure 3.4C). IL-6 levels were significantly
lower at day 7 compared to day 4 (P < 0.01). A complete loss of IL-6 was
observed at day 14, thus significantly differentiating from day 4 (P < 0.0001) and
day 7 (P < 0.001) (Figure 3.4D). IL-4 showed an opposite trend, with gradual
increase from day 4 to day 14, although this failed to reach significance (P = 0.19
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day 4-day 14) (Figure 3.4E). No significant differences were seen for IL-10
(Figure 3.3F).
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Figure 3.4 Histology and cytokine profile in 3D model of lung. (A) Representative H&E
staining of 3D lung at day 7 and day 14 of the culture. At day 7, magnification of the border of the
gel enriched by elongated cells. (B) Representative Masson’s Trichrome staining of 3D lung at
day 7 and day 14 of the culture. (C) MCP-1 expression; Mean £ SEM (n=3). RM-ANOVA. (D) IL-
6 expression. Mean + SEM (n=3). RM-ANOVA, * P < 0.05, ** P < 0.01. E) IL-4 expression; Mean
+ SEM (n=3). RM-ANOVA. (F) IL-10 expression; Mean + SEM (n=3). RM-ANOVA.
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Three markers associated with the cell lines introduced in the lung 3D model were
evaluated with IHC, a-SMA for MRC5, CD68 for dTHP-1 and vWF for HULEC-
5a. High positivity for a-SMA was found at day 0, gradually decreasing at day 7
and at day 14 (Figure 3.4). Cells in the border of the gels were positive
throughout. CD68 was identified only in large round shaped cells, which is the
typical morphology of macrophages. Lastly, vVWF was found in a small number of
cells, occasionally creating clusters of two or three cells around holes in the

matrix. Isotype controls were negative for all the three markers.
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Figure 3.5 Cell markers IHC in the 3D model of lung. Representative images of (i) a-SMA, (ii)
CD68 and (iii) VWF expression, all stained brown. Examples of positive cell staining are indicated
by the black arrows. Haematoxylin as nuclei counter stain (blue). Scale bar = 100 pm.

Due to the instability of the cultures at day 14, for the next experiments cultures
were maintained for 7 days only. Staining with passive dyes was also investigated
to monitor the ratio of cells in the gel (Figure 3.6). Positive living nuclei were
counted with DAPI. Alongside living cells, apoptotic bodies and necrotic cells
were also found in the gels. At day 7, the three cell lines maintained the same
ratio as when first introduced in the gel. However, most living cells lacked specific
staining, thus were difficult to identify and indicated some loss of the stains during

the 7 days of culture.
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Figure 3.6. Staining of cells in the 3D model of lung with Cell Tracker probes. Representative
images of lung fibroblasts (green), endothelial cells (red), macrophages (purple). Scale bar = 20
pm. (A) Living cell count from the staining compared to the number of foci found with DAPI blue
stain (n=3).

3.3.2 Conditioning of lung stroma 3D model with CRC EVs
SW480 and SW620 EVs were added to the culture media of the lung from day 1
to day 7. Morphological, cellular, and proteomic alterations were evaluated. At
the end of the culture, major differences in the opacity of the gels were observed.
Both SW480 and SW620 EV treatments reduced the opacity of the gels
compared to the control (Figure 3.7A). EV uptake by the gel was confirmed as
previously described (Section 2.4.3). Labelled EVs were found in the middle of
the gel in both conditions (Figure 3.7B). H&E was performed to check for
differences in morphology and cellular organisation in the gel. Gels treated with
SW480 and SW620 EVs contained cell aggregates, which were not found in the
control (Figure 3.7C).
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Figure 3.7. EV uptake and cell morphology in lung stroma 3D model after CRC EVs
treatments. (A) Photograph of the lung stroma 3D model in the well-plate. (B) Representative
images of SW480 and SW620 EV uptake in the gel (red). Cell nuclei counterstained with DAPI
(blue). Scale bar = 5 um. (C) Representative images of H&E staining. Black arrows = cell
aggregates Scale bar = 50 um.

Immunohistochemistry for the three cell markers was then performed to
investigate the effect of EVs on marker expression. Decrease of expression of a-
SMA was observed with SW620 EVs (Figure 3.8A). However, statistical analysis
could not be performed as the biological replicates for SW480 EV treatment were
limited. Non-significant increase of VWF was observed in cultures treated with
both CRC EVs, which was higher following SW620 EV stimulation (P = 0.1152)
(Figure 3.8B). CD68 expression was not affected by the EV conditioning (Figure
3.8C).
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Figure 3.8. Cell count based of IHC of cell markers. Cell count normalised to mmz2. (A) a-SMA
expression. Mean + SEM (n=2). (B) vVWF expression. Median + 95% CI (n=3). Kruskal-Wallis. (C)
CD68 expression. Mean + SEM (n=3). ANOVA.

3.3.3 Optimisation of MALDI mass spectrometry profiling of

peptides of the lung stroma 3D model

Changes in the proteomic profile of the lung 3D model were assessed with
MALDI-MS. Initially, optimisation of the method was performed with MRT. The
untreated lung 3D models were digested with trypsin or COLase Il to determine
the digestion methodology which produced enriched proteomic profiling based on
the average spectra (Figure 3.9A). With trypsin, intense m/z signals were found
within the range of 1200-2000 m/z, whereas with COLase lll, m/z signals with the
highest intensities were limited to 800-1100 m/z. Tryptic digestion average
spectra from the two MALDI instruments employed (SynaptG2 and MRT) were
compared, showing higher intensity and higher mass resolution with MRT (Figure
3.9B).
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Figure 3.9. MALDI-MS profiling spectra comparison of different technigues. (A) Comparison
of spectra from the digestion with trypsin and the digestion with COLase Ill. (B) Comparison of
mass resolution and intensity with Synapt G2 and MRT instruments; (i) Magnification of the ion
cluster at m/z 1562.

Peptide mass fingerprint was performed for the mass spectra obtained with
SynaptG2 for putative identification of proteins in the samples. Recurring
identifications in the samples with statistically significant matches were shown
(mass tolerance higher than 0.05 Da) (Table 3.2).
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Table 3.2 Peptide mass fingerprint with MASCOT search. List of putative proteins found in the mass spectra from 3D lung stroma through PMF. The list was limited
to proteins with mascot score equivalent to p<0.05; *=Monoisotopic mass (My).

Protein Name Gene Mass* Protein sequence coverage (%)
Nebulin-related-anchoring protein NRAP 197936 66
Ciliary rootlet coiled-coil protein 2 CRCC2 186690 63

Serine/arginine repetitive matrix protein 2 SRRM2 300192 50
TBC1 domain family member 2B TBD2B 110508 48
Golgin subfamily A member 4 GOGA4 261908 63
Coiled-coil domain-containing protein 90B CcCcooB 29545 73
Fibroblast growth factor 2 FGF2 31099 72
Centlein CNTLN 162110 77

Nuclear distribution protein nudE homolog 1 NDE1 37872 77
Collagen alpha-1(VII) CO7A1 296027 44
Partitioning defective 3 homolog B PAR3L 133109 48
Peroxiredoxin-like 2A PXL2A 25863 68

Src substrate cortactin SRC8 61723 67

Zinc finger protein 169 ZN169 70184 50

Citron Rho-interacting kinase CTRO 233374 62
Nebulin NEBU 775445 60
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In silico protein digestion of collagens linked to cancer were then performed and
compared to the average spectra of the lung 3D model. Small differences
between the sample replicates in terms of sequence coverage were observed for
all the collagens. Also, sequence coverages were all lower than 20%, with
collagen | (CO1A1) being the highest with 15-18/82%. The lowest coverages
were identified in collagen VI (CO6A1) (5% in R1) and collagen XI COBA1 (8%
in R2). Of the m/z covering the sequence, only the ones that were shared
between the two sample replicates were presented. Error (ppm) lower than 1
were found in CO1A1 and COBAL.
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Table 3.3. In silico digest of collagens related to cancer. Protein coverage in percentage = coverage in the sample/maximum coverage for the cleavage method
used. Relevant m/z were the peaks in common between R1 and R2. Error showed in part per million (ppm).

Protein Coverage Relevant m/z
R1 R2 m/z Error (ppm)

CO1A1 15/82% 18/82% 817.4097 7.7
1226.6012 0.6
2639.2597 0.2

CO3A1 11/76% 13/76% 954.4752 2.3
982.5065 -2.4
1492.7139 6.7

CO6A1 5/86% 10/86% 1104.5718 -7.3
1991.9842 8.1

CO7A1 13/85% 16/85% 864.4356 6.8
954.4752 2.3
1137.5759 5.6
1356.6913 -1.6

COBA1 9/84% 8/84% 914.4578 0.1
1095.5654 -6.1
1186.6062 -5
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3.3.3.1 Detection of proteomic changes induced by CRC EVs in the lung 3D
model

3D models from Section 3.3.2 were profiled with MALDI MRT. Differences in the

profiling were observed in the average spectra (Figure 3.10). Specifically, SW620

EVs treatment showed intense signals between 900 and 1100 m/z which were

absent in both control and SW480 EVs treatment.
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Figure 3.10. MALDI MRT average spectra of lung 3D model treated with CRC EVs. Average
spectra visualised with mMass. Mass range 800 — 2400 m/z. CTRL spectrum in positive offset,
SW620 EVs spectrum in negative offset.

Multivariate analysis was then performed to evaluate the differences in the
proteomic profiling induced by the treatments (Figure 3.11). Separation of SW620
EVs treatment from the other two groups was observed due to principal
component 1 (PC1) (Figure 3.11A). SW480 EVs treated and control groups did
not separate. Within the groups, samples clustered together for PC1 in both
SW480 EVs treated and control groups. PLS-DA showed better separation
between all the groups for component 1 compared to PCA (Figure 3.11B). Also,
within each group, better clustering was observed, especially for the SW480 EVs
treated group. Variable importance in projection (VIP) scores were obtained from
PLS-DA (Figure 3.11C), with significant variables > 1. Signals that distinguished
between the three groups of samples ranged from 992 to 2369 m/z. The m/z
peaks with the highest VIP scores were 1850.87 and 2164.54 m/z. Five m/z
peaks were close to the score of 2 (2307.33, 1740.09, 2068.44, 2200.64 and
2301.44 m/z).
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being statistically significant (P < 0.05) (Figure 3.12).
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3.3.4 CRC EVs increased SW620 cells invasion
To investigate whether CRC EVs effects on the PMN had an impact on the

20

Figure 3.11. Multivariate analysis on MS profiling of lung 3D model. (A) PCA unsupervised,
treatment groups not considered for the analysis. (B) PLS-DA supervised, treatment groups
considered for the analysis. (C) VIP score showing the top 15 discriminatory m/z signals between
the groups. CTRL = PBS control.

invasive power of metastatic cells, pre-labelled SW620 were added onto the lung
3D model after 7 days of EV conditioning and kept invading for 4 days before
sample processing. After 4 days, clusters of SW620 EVs were found to adhere
to the border of the gel. The mean fluorescence intensities for the red channel
were higher when gels were treated with SW480 and SW620 EVs, with the latter
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Figure 3.12. SW620 cells invasion after the treatment with CRC EVs. (A) Representative
images of the lung stroma 3D model after the CRC EVs conditioning and the SW620 cells invasion
(red cells). (B) Mean grey intensity of celltracker™ CMTPX Red staining. Individual values and
mean + SEM (n=3); ANOVA, * P < 0.05.

Expression of a-SMA, vWF, CD68 and Ki67 were investigated again after the
invasion of SW620 cells. CRC EVs induced an increase in a-SMA expression, in
both cases statistically significant (P < 0.05) (Figure 3.13A). An increase in the
expression of VWF was also observed but failed to reach significance (P =

0.3927) (Figure 3.13B). Variable expression of CD68 was observed, especially
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with SW480 EVs (Figure 3.13C). Expression of Ki67 was evaluated only in the
cluster of SW620 cells (Figure 3.13D). SW620 EVs significantly decreased Ki67
positivity compared to PBS control (P < 0.05), but the biological replicates for
SW480 EV treatment were too limited to apply statistical analysis.
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Figure 3.13. Expression of cell markers based on IHC positivity after SW620 invasion. Lung
cell count normalised to mmz2. (A) aSMA expression. Individual values + mean (n23); ANOVA * P
< 0.05. (B) vVWF expression. Individual values + mean (n=3). ANOVA. (C) CD68 expression.
Individual values + median (n=4). Kruskal-Wallis. (D) Representative image of ROI selected for
the Ki67 cell count (brown). (E) Ki67 expression in the SW620 clusters. Individual values + mean
(n=22). T test on PBS vs SW620 EVs, P < 0.05.

3.3.4.1 Secreted factors in the lung 3D model pre and post SW620 invasion
Pro-inflammatory cytokine expression was monitored before and after the
invasion of SW620 cells, to see whether cancer EVs affected the inflammatory
status of the 3D model. No evident alterations were observed in the secreted
factors between the three conditions, thus statistical analysis was performed only
on the pre- and post-invasion comparison, independently of the treatments.
Although not significantly, IL-6 was high in the pre-invasion with SW480 EVs but
then decreased post-invasion (P = 0.7) (Figure 3.14A). IL-8 expression was
lowered after the invasion of SW620 cells in all the conditions, which reached
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significance in the 3D models treated with SW480 EVs (P < 0.05) (Figure 3.14B).
A small increase in the expression of MCP-1 was observed in all the treatments
from pre- to post-invasion, although failed to reach significance (P = 0.6618 for
PBS, P = 0.7486 for SW480 EVs, P = 0.4818 for SW620 EVs) (Figure 3.14C).
TIMP-1 increase from pre- to post-invasion was not significant in the control (P =
0.4) and SW620 EVs (P = 0.1) (Figure 3.14D). Interestingly, the levels of TIMP-1
were similar from pre- to post-invasion when the 3D models were treated with
SW480 EVs. TIMP-2 was higher after SW620 cell invasion compared to the pre-
invasion in both SW480/SW620 EV conditioning (P < 0.05).
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Figure 3.14. Pro-inflammatory cytokines expression in the secretome of the lung stroma
3D model. Comparisons conditioning/post-invasion were performed on the three treatments
individually. (A) IL-6 concentration. Median with 95% CI (n=3); MW. (B) IL-8 concentration. Mean
+ SEM (n=3); T test, * P < 0.05. (C) MCP-1 concentration. Mean + SEM (n=3). T test. (D) TIMP-
1 concentration. Median with 95% CI (n=3). MW. (E) TIMP-2 concentration. Mean £ SEM (n=3);
T test, * P < 0.05.
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3.3.4.2 Colorectal cancer EVs influence on ECM in the lung 3D model

Of the collagens putatively identified with MS (Section 3.3.3), collagen Ilii,
collagen VI and collagen Xl were screened through dot blots. Statistical analysis
was not performed due to the loss of replicate (n = 2). In general, SW620 cell
invasion reduced collagen secretion regardless of the treatments (Figure 3.15).
The conditioning with CRC EVs limited collagen Il decrease post-invasion
(Figure 3.15B). Despite the low levels, collagen XI was more reduced by the
treatment with SW620 EVs, with complete loss of expression post-invasion
(Figure 3.15D).
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Figure 3.15. Dot blots of cancer-related collagens. (A) Collagen type Ill expression. Mean +
SEM (n = 2). (B) Dot blots of collagen type lll. (C) Collagen type VI expression. Mean + SEM (n
2 2). (D) Dot blots of collagen type VI. (E) Collagen type Xl expression. Mean £ SEM (n = 2). (F)
Dot blots of collagen type XI.
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3.4 Discussion

The establishment of the PMN is a crucial intermediate step in malignancy that
often goes unobserved by the screening tools currently employed due to the late
stage of diagnosis. Investigating the events surrounding the PMN is of significant
current interest to improve diagnosis, as well as to find therapeutic targets that
act to prevent the progression towards metastasis. As a step building on the TME
model developed in Chapter 2, a 3D model of lung was created to evaluate the

cellular and proteomic changes driven by cancer EVs in the PMN.

3.4.1 Development of a 3D model of lung stroma

As the focus of the study was to determine EV mediated changes in the stroma
of the lung, the in vitro 3D model was developed to mimic the denser areas of the
lungs, where the ECM and fibroblasts reside. These areas are also the first areas
exposed to cancer cells from the vasculature. Most of the research around PMN
modulation by cancer EVs showed alterations in fibroblast phenotype and
immune regulation (Dong et al., 2023; Patras et al., 2023). Normal lung
fibroblasts, macrophages alongside endothelial cells were considered as the
main representative cells which interact with metastatic colonisation first. From
the previous model, MRC5 cells were maintained to represent normal lung
fibroblasts, but the density was adapted to histological images of the interstitium
found in literature (Kamp et al., 2022; Matsushima et al., 2020). Fibroblast density
is a very important feature subjected to alterations in metastasis, correlated to
tumour associated matrix stiffness and fibrosis (Doolin et al., 2021; Knops et al.,
2020).

Long-term culture of the lung 3D model was tested for 7 or 14 days. While day 7
showed high cellularity and morphological heterogeneity of the cells, after 14
days the model was affected by the loss of these features. Cytokines released in
the supernatant of the cultures, showed a lack of IL-6 and decrease in MCP-1,
which may indicate a decline in viability. However, an increase in the anti-
inflammatory cytokine IL-4 at day 14 could represent a slow stabilisation of the
culture. From the histological images, intact nuclei could still be observed at day
14, suggesting that the alteration of cytokines did not completely impact on the

cell survival.
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Specific cell markers were chosen to confirm the presence of the three cell lines
in the lung 3D model alongside passive staining. Normal lung fibroblasts have
been known to express high levels of a-SMA when cultured (Dugina et al., 1998).
At day 0, a-SMA was expressed in most cells in the model. It was indeed
previously demonstrated that upon determined conditions, monocytes and
macrophages can also produce a-SMA (Meng et al., 2016). This unspecific
expression was however lost at day 7, suggesting that the culture was stabilising
and differentiating over time. At day 7 and day 14, fibroblasts were distributed
mainly at the border of the gels, showing their ability to migrate towards denser
and stiffer areas of the gel (Hadjipanayi et al., 2009). For dTHP-1, the marker
selected was CD68, abundantly expressed in all macrophages, regardless of
their phenotype (Chistiakov et al., 2017). CD68+ macrophage like cells were
found homogeneously expressed in the 3D model at the different time points and
they did not correlate with the decreased expression of pro-inflammatory
markers. HULEC-5a are an immortalised cell line deriving from lung endothelium,
used as a site-specific alternative to the commonly used human umbilical vein
endothelial cells (HUVECS). At first, CD31 was considered as endothelial marker.
When first optimised on cytospin preparations of HULEC-5a, the cell line did not
express CD31 (data not shown). Thus, VWF was selected as a marker for
endothelial cells, which is a glycoprotein secreted during homeostasis,
angiogenesis and immune response (Dmitrieva & Burg, 2014; Nakhaei-Nejad et
al., 2019). Recently, it has been associated with cancer and metastatic
advancement (Patmore et al., 2020; Yang et al., 2018). Although the amount of
VWF expression remained similar throughout the culture, the highest expression
of the marker was found on endothelial cells clustering together and shaping

capillary-like structures.

Pre-stained cells were then counterstained with DAPI to enable numeration of
viable and apoptotic cells in the models based on nuclear morphology. DAPI
highlighted the presence of apoptotic events in the gel, even at day 7, which might
lead to the decrease of cell density at day 14. Nevertheless, the time point at day
7 was chosen as a suitable length of time for the pre-conditioning since it to
correlated with stabilisation of the culture. It is important to state that apoptosis is

a physiological event in tissues, it is not only associated with a pathologic
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condition, thus presence of apoptosis in the 3D model might just imply an intrinsic

feature of the tissue (Mondello & Scovassi, 2010).

3.4.2 CRC EVs mediated induction of a pre-metastatic niche

Cancer EVs have been extensively linked to the paracrine remodelling of PMN.
To observe the functional EV changes in vitro, relevant 3D models need to be
developed, which can be pre-treated with cancer EVs. The lung stroma 3D model
developed was treated with SW480 and SW620 EVs for 7 days. At the end of the
culture, the treated gels showed higher transparency compared to the control,
suggesting relevant modification on the structure and density of the collagen
matrix. Histological staining did not reveal morphological changes in the matrix,
but further biomechanical testing might better characterise any alterations in
tissue stiffness and density of the EV conditioned gels. Presence of cell
aggregates upon treatment with CRC EVs might also be a cause or an effect of
the increase of transparency and potential ECM remodelling. MMPs have been
investigated as they can be associated with cancer-EVs and degrade specific

ECM components to facilitate cancer cell invasion (Shimoda, 2019).

Despite the extensive research around EVs and CAF activation, the results of a-
SMA IHC raised an interesting observation. SW620 EVs, but not SW480 EVs,
induced a decrease in the expression of a-SMA. This might indicate that the
activation of CAFs is related to the early stage of the disease rather than late.
HULEC-5a released more vVWF upon conditioning with late SW620 EVs, which
might correlate with increased angiogenic signalling. In CRC, the role of CD68+
macrophages varies according to the type and the location of the macrophages.
Many studies observed a positive contribution and a better disease outcome with
increased presence of CD68+ TAM around the invasive front (Koelzer et al.,
2016; Li, et al.,, 2020). However, CD68+ cells have been also correlated to
metastatic progression and chemoresistance (Wei et al., 2019; Yin et al., 2017).
Here, CRC EVs did not affect the levels of the markers in the tissue. In future,
markers specific to M1 (like CD86) or M2 (likeCD206) phenotypes could help in
identifying whether EVs alter macrophages phenotype (Jayasingam et al., 2020).

To initially screen ECM and proteome modification in the 3D models, a MALDI-
MS approach was employed. It was first imperative to evaluate whether the lung

3D model, due to its collage-dense matrix, was resistant to enzymatic digestions
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by the enzymes commonly used in MS proteomics, which generally results in low
data intensity (Clift et al., 2021). Surprisingly, the 3D model was more sensitive
to trypsin degradation rather than COLase Ill. The list of putative identifications
of lung showed that with trypsin digestion, many matrix derivatives were
identifiable, including collagen VII. Recent work has shown the potential role of
collagen VII as a biomarker of immune infiltration in pancreatic cancer (Ding et
al., 2023). Future work is required to confirm the presence of collagen VIl in the
3D model and evaluating possible alteration by cancer EVs. In silico digestion of
collagens linked to cancer was also performed to evaluate the sequence
coverage and the ability to obtain information on ECM proteins. Even though the
coverage was never over 20%, m/z signals attributed to the collagens were
always identified with low errors. Taken together, these results demonstrate that
the 3D model was suitable for the MS profiling of ECM proteins.

Differences in the spectra deriving from the conditioning of the lung 3D model
were then evaluated. The high mass resolution that features MRT mass
spectrometer is not recognised by mMass software and its peak picking. Thus,
the automated PMF algorithm and in-silico digestion of protein of interest could
not be performed. For this reason, the differences were investigated by
multivariate analysis, which showed separation of the samples treated with
SW620 EVs with both supervised and unsupervised analysis. Two m/z signals
were identified to be the main peptides responsible for the separation, but the
identification would require further tandem MS/MS approaches. However, this
preliminary study demonstrates the potential of MALDI-MS technology to
investigate ECM proteins in 3D models. However, more work needs to be done

to confirm the putative identifications and to validate the multivariate analysis.

3.4.3 SW620 invasion is regulated by the pre-metastatic
alterations linked to CRC EVs

SW620 cells derive from CRC lymph nodes metastasis, so they are a good model
for studying events leading to metastasis. Pre-conditioning of the lung TME with
CRC EVs led to an increased adherence and presence of SW620 cells at the
border of the gels, which confirmed previous data (Ramamoorthy et al., 2019).
Additionally, the comparison offered by the SW480/SW620 EVs model showed
that the invasion is induced by early EVs as well as late. This might not be a

surprise, given that PMN is suspected to be an early event. Alteration in the
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expression of cellular markers was also evaluated. Interestingly, increased a-
SMA was observed with both EV treatments. This might indicate that CRC EVs
do activate CAFs, but only when cancer cells are invading, implying a synergistic
activity between the EVs and the cancer cells. VWF levels were increased by the
EV treatments, but the general expression was still low. The expression of VWF
was found frequently close to the area of invasion, which might indicate that more
than an increased expression, endothelial cells are relocated towards the cancer
cells. No main changes were observed in CD68 expression, but it is known that
cancer induces a change in the phenotype rather than increase or loss of cells.
Finally, Ki67 was utilised to evaluate whether increased invasion corresponded
to decreased proliferation of SW620, as previously observed with SW480. A
decrease was observed with both treatments, but statistical analysis could not be
performed due to the loss of SW480 EVs treated replicate.

To evaluate whether CRC EVs induced the phenotypic M1 to M2 changes of
THP-1 in the 3D model, inflammatory cytokines were also investigated pre- and
post-invasion. It is important to note that the cancer cells were left to invade for
four days after the seven days of pre-conditioning with EVs. A decrease of
inflammatory cytokine secretion was expected, as previously observed in the
optimisation of the 3D model from day 7 to day 14. The 3D models without
exogenous EVs showed that the invasion of SW620 cells is able alone to reduce
or even revert the decrease. Only upon SW480 EV conditioning the expression
of pro-inflammatory cytokines, especially IL-8, was reduced, thus showing that
the EV induced anti-inflammatory activity is promoted from early stage EVs rather
than metastatic EVs.

Dot blots can be a useful technique for the qualitative screening of proteins of
interest. Three of the collagens investigated with MS were screened in the lung
3D models Collagen Il rich ECM has been previously associated with cancer
dormancy, while its disruption showed increased proliferation and metastasis
(Brisson et al., 2015; Di Matrtino et al., 2021). Collagen VI and collagen type Xl
are highly associated with cancer progression (Li et al., 2022; Wu & Chou, 2022).
For all three collagens, the expression in the 3D models was decreased following
SW620 invasion. This could indicate that loss of collagen is mediated by the
invading cancer cells rather than the EVs, but could also relate to the extended

time point of the culture. Interestingly, cancer EVs impacted the expression of
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only collagen XI, with a decrease with SW620 EVs conditioning. Further analysis
combining these results to tissue expression are necessary to clarify whether the
presence of collagens in the supernatant is linked to increased presence in the

tissue, turnover or degradation.

3.5 Conclusions

A lung 3D model was successfully developed to investigate the role of EVs in the
PMN. Even though the in vitro model was limited in the length of culture duration,
it was able to demonstrate that CRC EVs altered the PMN and that these
alterations can happen at different stages of the disease. MALDI-MS profiling
showed promising preliminary results for the investigation of ECM molecules in
the 3D models. Finally, CRC EVs increased the invasion of SW620 cells in the
gels, altered the biophysical structure and the cells of the PMN. Further research
is needed to confirm the role of CRC EVs in ECM proteomic modification.
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4 The role of colorectal cancer EVs in the
modulation of Transglutaminase 2 and

extracellular matrix remodelling
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This chapter was undertaken in collaboration with the group of Dr. Luca Urbani’s
group at the Institute of Hepatology (King’s college, London). The work was
shared with the PhD candidate Lai Wei. Data obtained by collaborators will be

appointed in the figure legends.

4.1 Introduction

Among the proteins that play a role in the biological and biomechanical regulation
of cancer invasion and progression, transglutaminase 2 (TG2) is a relatively new
discovery in the field. Transglutaminase 2 is a protein linked to a wide array of
functions and can either function in an enzymatic or non-enzymatic role (Fesus
& Piacentini, 2002; Tempest et al., 2021). The already ubiquitous protein has
been linked to many cancers and has shown context dependent actions for the
establishment of the tumour and its metastases. While this can be seen
contrasting, the differential activities likely relate to the different configurations
and multiple variants of TG2 (Beninati et al., 2017; Lai et al., 2007). Furthermore,
TG2 expression is not limited to cancer cells, but can be produced and regulated
by other cellular and non-cellular components of the TME, such as cancer-
associated fibroblasts (CAFs) and the extracellular matrix (ECM) (Tempest et al.,
2021). For these reasons, TG2 is now considered a crucial player in all the
hallmarks of cancer. In the most recent years, research on TG2 activity in cancer
has been focussed on the role in chemotherapy resistance and in the
development of TG2 inhibitors as anti-cancer agents (Eckert, 2019; Parvatikar et
al., 2022; Shinde et al., 2022). However, due to its multifunctional properties and
heterogeneous activity, the modulation of TG2 cannot lead to a single solution for
treatment of all cancers. Thus, understanding the specific cellular and tissue

related TG2 activities is still an important area to explore.

4.1.1 Transglutaminase 2 role in cancer invasion and metastasis

The dysfunctional remodelling of the ECM is a very important step for the
migration and invasion of cancer cells in the tissue. From one side, collagen
deposition and cross-linking of the matrix by enzymes like lysyl oxidase (LOX)
act in favour of the cancer spread and produce a stiffer environment commonly
observed in the primary tumour (Ramos et al., 2022). On the other hand,
degradation of the ECM by matrix metalloproteinases (MMPs) and impairment of

its turnover are also essential for cancer cell migration (Botta et al., 2012; Zeng
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et al., 1999). There has been key interest in the exploration of TG2 extracellular
activity, where TG2 binds to and cross-links ECM proteins (Bhedi et al., 2020;
Stamnaes et al., 2016). The cross-linking function has physiological roles, as well
as disease-related roles. In cancer, it has been strongly associated with matrix
remodelling which occurs during cancer invasion (Delaine-Smith et al., 2019; Lee
et al., 2015).

The mechanism of secretion of TG2 by cells into the ECM is not completely
understood; however, secretion can occur through extracellular vesicles (EVs)
and controlled via heparan sulfate (Furini et al., 2020). The presence of TG2 on
EVs is correlated with fibronectin (FN), one of the proteins through which TG2
expresses its functions. The link between TG2 and EVs is not limited to TG2
secretion into the ECM, but the presence of TG2 on the surface of EVs has both
intracellular and extracellular functions in many processes including cancer
progression (Antonyak et al., 2011; Diaz-Hidalgo et al., 2016). For example,
cancer microvesicles-linked TG2 and FN have been shown to transform normal
fibroblasts in cancer-like phenotypes (Antonyak et al., 2011). In another study, it
has been shown that cancer EV-associated TG2 facilitates the establishment of
the metastatic niche (Shinde et al., 2020). Finally, cancer cells with low migratory
potential have been shown to communicate with fibroblasts via the release of
TG2-enriched MVs to escape the primary tissue and metastasise (Schwager et
al., 2022).

Cell surface TG2 is also found in a strict complex with FN and is responsible for
the binding with integrins to promote cell adhesion, cell migration and the
deposition of FN extracellularly (Nurminskaya & Belkin, 2012). Attachment of
ovarian cancer spheroids to the stroma was inhibited upon targeting the
TG2/FN/integrin complex (Condello et al., 2018). Furthermore, surface TG2
expression increased invasion and survival of metastatic breast cancer cells
(Mangala et al., 2007).

Despite the numerous evidence of this pro-tumorigenic activity, inhibition of TG2
via mi-RNA 19 has also been associated with cancer progression, thus
highlighting the heterogeneous and controversial role of TG2 in cancer (Cellura
et al., 2015).

103



4.1.2 Transglutaminase 2 and cancer-associated fibroblasts
Fibroblasts and CAFs are an important target for the TG2 driven mechanisms in
cancer progression. As already introduced, the transformation from normal
fibroblasts to CAFs is key for ECM remodelling and the generation of the stiffer
microenvironment, which is linked to the advancement of the disease. As TG2
main activity is to cross-link collagen and ECM-related proteins, there is a natural
link in investigating TG2 involvement in the establishment of CAFs.

A well-known activator of CAFs by cancer cells is tumour growth factor-beta
(TGF-B), which is expressed by many cancerous cells (Chen et al., 2023;
Ishimoto et al., 2017; Lewis et al., 2004). TGF-B is a major inducer of TG2 (Nunes
et al., 1997) and exists in a positive feedback loop, where TG2, in return, can
activate TGF-B (Shweke et al., 2008).

Once CAFs are activated, they exert many pro-tumorigenic functions, through the
secretion of growth factors, cytokines and ECM proteins (Kalluri, 2016).
Excessive matrix deposition (desmoplasia) is a feature commonly associated
with CAFs activity and is associated with the increased tissue stiffness of
advanced tumours (Cannon et al., 2018; Naba et al., 2012; Zeltz et al., 2020).
Tissue stiffness is a result of matrix deposition, but also of increased cross-linking
activity conducted by different enzymes including TG2 (Delaine-Smith et al.,
2019; Lee et al., 2015).

Aside of matrix deposition, CAFs contribute to the phenotypic behaviour of cancer
cells needed for disease progression. CAFs have a role in the induction of EMT
of cancer cells (Yang et al., 2023). In hepatocellular carcinoma, the EMT driven
by CAFs is promoted by the overexpression of TG2 alongside the production of
IL-6 and hepatocyte growth factor (HGF) cytokines (Jia et al., 2020).

4.1.3 Transglutaminase 2 role in liver fibrosis

The excess of matrix deposition and the enzymatic cross-linking activity of
collagen in the ECM lead to pathological fibrosis. In fact, fibrosis has been
frequently associated with advanced cancer stages, especially in organs with a
physiological dense matrix, such as liver (Affo et al., 2017). Moreover, fibrosis
linked to different types of disease like non-alcoholic steatohepatitis (NASH) and
non-alcoholic fatty liver disease (NAFLD) have been explored in understanding
the high incidence of liver metastasis in CRC (Kondo et al., 2016). Among the
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cells responsible for liver fibrosis, hepatic stellate cells (HSCs) are the main
contributors, as they are the main progenitor of the myofibroblasts responsible
for matrix synthesis, which is a CAF-like feature (Zhang et al., 2020). For this
reason, common markers of activated HSCs are a-SMA and vimentin (Carpino
et al., 2005; Wang et al., 2019). Activation of the myofibroblast phenotype is
associated with TGF-B and IL-6 secretion (Xiang et al., 2018). As such it is
hypothesised that TG2 is also involved in the cross-linking activity present in liver
fibrosis (Tatsukawa et al., 2020).

The complexity of TG2 functions as well as the intricate feedback pathways that

connect TG2 to molecules responsible of TME activity are yet to be clarified.

4.1.4 Aim of the chapter

In this chapter, the role of TG2 in CRC invasion and metastasis is explored in
relation to CRC EVSs. First, the in vitro 3D model of invasion previously developed
was used to evaluate the EVs driven expression of TG2 and the relationship with
cancer invasion. Then, it was evaluated whether the expression of TG2 in the
mutual communication between CRC cells and fibroblasts was supported by CRC
EVs. Finally, HSCs isolated from fibrotic livers were used to evaluate the

involvement of CRC EVs in myofibroblasts activation and TG2 expression.
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4.2 Materials and Methods

4.2.1 Experimental design

The chapter is divided into two main sections (Figure 4.1). In the first section, the
role of EVs in the mediation of TG2 was evaluated in the 3D model of CRC
invasion. Flow cytometry was applied to investigate the origin of TG2 found in the
3D model and its modulation driven by cancer cells and CAFs cross-talk. Cells in
mono- and co-culture were compared in the TG2 expression. Then, CAFs were
treated with EVs and soluble proteins deriving from CRC cells to assess which of
the factors were responsible for TG2 modulation. The second part analyses the
role of CRC EVs and TG2 in HSC activation and in fibrosis linked to CRC liver
metastasis. Three patient-derived HSCs were utilised and treated with CRC EVs.
IF analysis along with gene expression were performed on TG2 and proteins

related to fibrosis.
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Figure 4.1. Schematic of Chapter 4 experimental design.
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4.2.2 2D Cell culture

The general subculturing procedure of SW480 and MRCS5 cell lines can be found
in Section 2.3.2. Hepatic stellate cells (HSC073, HSC088, HSC215) were
isolated from tissue samples of CRC patients with liver metastasis who had
undertaken surgery at King’s College Hospital and maintained by the
collaborators at the Foundation for Liver Research, Institute of Hepatology,
London (Table 4.1). The cells were cultured in growth media (DMEM, 1% v/v P/S,
10% v/iv FBS) with 0.01% epithelial growth factor (EGF). The cells were
maintained in a humidified incubator at 37°C and 5% CO: in air. The media was
replaced every 4 days and cells were sub-cultured with trypsin (Merck) when
reaching 70-80% of confluence. Cells were checked for mycoplasma and were

shown to be negative throughout.

Table 4.1. HSC primary cells. F-Score = Fibrotic score.

Patient number Collection date F-Score Gender Age
73 09/04/2019 F1-F2 F 64
88 26/07/2019 FO F 36
215 30/06/2022 FO-F1 M 51

4.2.3 3D Cell culture

For this chapter, TG2 expression was observed in the 3D model of invasion

developed in Chapter 2.

4.2.4 CRC-derived extracellular vesicles
Isolation, purification and quantification of CRC EVs (from SW480 and SW620

cell lines) was done according to Section 2.3.5.

4.2.5 Hepatic stellate cells treatment with SW480/SW620 EVs

Plate setup of HSCs was performed by the collaborators at the Foundation for
Liver Research, Institute of Hepatology in London. HSC073, HSC088, HSC215
cells were cultured into 24 well-plates with coverslips and left for a day to adhere.
Then, starvation media (DMEM with low serum) was replaced until cells were
ready to undergo treatments. For immunofluorescence (IF), cells were plated at
density of 12000 cells/ml. For ECM deposition, the coverslips were coated with
0.2% gelatin (Merck, UK) for 60 min at 37°C, rinse and then 1% glutaraldehyde

was replaced for 30 min at RT. After rinsing, quenching was performed using 1M
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glycine in PBS for 20 min at RT. Cells were plated at density of 36000 cells/ml.
At day 2 of the culture, media was replaced with growth media and 50 pug/ml of
SW480 or SW620 EVs was added to the culture. The cells were incubated for 48
hours and then supernatant was collected and cells were fixed with 4%
paraformaldehyde (PFA) for 20 min. After fixation, PBS was replaced in the

culture and the cells were kept at 4°C until further use.

4.2.6 Immunofluorescence

4.2.6.1 Immunofluorescence in 3D

To evaluate the presence of TG2 around the invasive clusters in the 3D model of
invasion, IF was performed using a primary antibody to TG2 (1:200, mouse
monoclonal CUB 7402; Abcam, UK). Goat anti-mouse secondary IgG antibody
labelled with Alexa Fluor® 488 was used to visualise the staining in green. For
the more detailed method, see Section 2.3.4.3. After deparaffinisation and
rehydration, HIAR was performed followed by the blocking step in goat serum.
Sections were incubated with primary antibody (1:200) overnight at 4°C in a
humidified environment. Three washes in 0.05% v/v Tween-20/PBS were
performed followed by the incubation with secondary antibody (1:500) for 1 hr at
RT. Three more washes were performed and then VECTASHIELD® HardSet™
Antifade Mounting Medium with DAPI was used to mount the coverslips. Confocal

images Zeiss Axio LSM800 and mean fluorescence values were acquired.

4.2.6.2 Immunofluorescence in 2D

Immunofluorescence was used to measured TG2, vimentin and SMA expression
of hepatic stellate cell. Vimentin and a-SMA are markers of hepatic stellate cell
activation. Hepatic stellate cells were placed on coverslips within a humidity
chamber. Blocking buffer (PBS, 1% BSA) was left on the coverslips for 30 min at
RT, then replaced with the following primary antibodies: anti-TG2 (mouse
monoclonal CUB 7402), anti-Vimentin (1:100, MAB2105 rat monoclonal 280618;
R&D, Abingdon, UK) and anti-SMA (1:100, ab5694 rabbit polyclonal; Abcam,
UK). The coverslips were incubated overnight at 4°C. The day after, 3 washes
with PBS (5 min each) were performed before adding secondary donkey anti-
mouse Alexa Fluor® 488, donkey anti-rabbit Alexa Fluor® 555 donkey anti-rat
Alexa Fluor® 647 (1:500, ThermoFisher, UK) for 1 hour at RT. The slides were
mounted with Fluoroshield with DAPI (Merck, UK) and left to dry for 2 hours
before imaging.

108



4.2.6.3 Immunofluorescence for decellularised matrix

2D decellularisation to obtain cell derived matrix (CDM) was performed by the
collaborators at the Foundation for Liver Research, Institute of Hepatology in
London. 2D decellularisation was employed to investigate the presence of fibrotic
markers in the CDM after the conditioning with CRC EVs. Extraction buffer (10
mM NH4OH, 0.25% Triton X-100 in PBS) was introduced in the plates with the
HSCs and incubated at 37°C for 4 min to lyse the cells. To remove the cells, half
of the buffer was removed and replaced with PBS. This process was repeated
until no visible cells remained. Then, IF was performed as described in Section
4.2.6.2. Primary antibodies: anti-TG2 (1:200 mouse monoclonal CUB 7402), anti-
FN (1:100, ab23750 rabbit polyclonal, Abcam, UK) and anti-Pancollagen (1:100,
NBP2-67538 rabbit monoclonal ST58-04, Novus Biologicals, UK). Secondary
antibodies: donkey anti-rabbit Alexa Fluor® 647, donkey anti-rabbit Alexa Fluor®
555 and donkey anti-mouse Alexa Fluor® 488 (1:500, ThermoFisher, UK).

4.2.7 TG2 activity with biotin-monodansylcadaverine staining

To evaluate the cross-linking activity of TG2 on the invasion in the CRC 3D
models, biotinylated monodansylcadaverine (biotin-MDC; Invitrogen, molecular
probes, UK), which is a TG2 cross-linked substrate, was employed. At the end of
the 3D model culture, the gels were placed in 0.2M CaCl in PBS to equilibrate for
15 min at 37°C, 5% CO2. Then, the gels were treated with 10ul/ml of biotin-MDC
in the same solution for 2 hours at 37°C, 5% CO2. Controls without the substrate
were also performed for 2 hours (data not shown). Samples were then fixed and
processed as FFPE and sections cut with microtome. After deparaffinisation and
rehydration steps, HIAR was performed as previously described (Section
2.3.4.3). Then, 20 pug/ml of Alexa Fluor™ 488 Streptavidin Conjugate (Invitrogen,
UK) was used to visualise the complex. After two washes in PBS,
VECTASHIELD® HardSet™ Antifade Mounting Medium with DAPI was used to

mount the coverslips and counterstain.

4.2.8 Quantitative measurements for TG2 expression

Measurements of the invasive length and size of invasive clusters (single
cells/clusters) as described in Section 2.3.7, were used for investigating TG2

expression in the invasive SW480 cells found in the 3D model of invasion.
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4.2.9 Flow cytometry
4.2.9.1 SW480/MRC5 Co-culture experiments

SW480 and MRC5 cells were used to evaluate differences in the expression of
surface TG2 between single and co-culture. To be able to distinguish the two cell
types, SW480 cells were labelled with 500 nM CellTracker™ Deep Red Dye and
MRCS5 cells with 5 pM CellTracker™ Green CMFDA for 30 min in serum free
condition prior to trypsinising and counting. Fluorescence images of the passive
staining performed in the co-culture was obtained to confirm the absence of
cross-reactivity of the passive dyes. For single cells culture, 1x108 cells, while
250000/750000 SW480/MRC5 were added in co-culture. To determine whether
the expression was EV mediated, dimethyl amiloride (DMA), inhibitor of EV
secretion, was introduced at 15 nM in the co-culture condition (Savina et al.,
2003). Cells were incubated for 2 days in T75 flasks at 37°C and 5% CO2 in air.
At the end of the culture, cells were resuspended and fixed in 4% PFA for 20 min.
Then cells were washed in PBS three times. For every washing cycle, the cells
were centrifuged at 300 g for 5 min to discard supernatant. To prevent non-
specific binding, the pellets were resuspended in PBS with 10% EV-depleted FBS
for 20 min followed by three washes in PBS. Then, cells were incubated with
primary antibody mouse to mAb to TG2 (dilution 1:100, Abcam, USA) for 2 hours
at RT. Pellets were washed again two times before donkey to mouse IgG
secondary antibody conjugated to AlexaFluor® 750 was added (dilution 1:100,
Abcam, USA) for 1 hr at RT in the dark. Pellets were ultimately washed twice in
PBS before reaching the final suspension for the analysis (PBS with 10% EV-
depleted FBS) with CytoFlex flow cytometer (Beckman Coulter Life Sciences,
UK).

TG2 expression was evaluated in a SW480/MRC5 co-culture with flow cytometry
and compared to the TG2 expression by the cells in monoculture. Since the type
and the number of staining differed between the co-culture and the monoculture,
different gating strategies were applied (Figure 4.2). For the co-culture, a first
gate isolating live cells was created. In this gate, two populations were observed
being separated by the FITC-A and APC-A channels, identifying MRC5 and
SW480 respectively. TG2 positivity was evaluated by setting thresholds on the
graphs where the cell channel was on the y axis and the TG2 channel (APC-

A750-A) was on the x axis. In the monocultures, after the gating of live cells (data
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not shown) a single population was observed. Staining threshold of the co-culture

was calculated independently from the mono-culture thresholds.
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Figure 4.2. Gating strategy for the evaluation of co-culture induced TG2. Co-culture (MRC5/SW480) and mono-culture expression of TG2 with flow cytometry.
After the selection of the living cells, MRC5 were distinguished by SW480 in the co-culture model according to staining positivity. FMO controls were employed to
determine the threshold of passive staining positivity. Secondary only controls were employed to determine the positive TG2 cells.
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4.2.9.2 Treatment of MRCS5 cells with SW480/SW620 EVs

For flow cytometry, 500,000 MRC5 cells were cultured for 24 hours and then
treated for 48 hours with 50 pg/ml of either SW480 EVs, SW620 EVs (deriving
from pooled SEC fractions 7-9), SW480 or SW620 soluble proteins (SEC fraction
19). The treatment was added in DMEM with 10% EV depleted serum. At the end
of the culture, cells were resuspended and fixed in 4% PFA for 20 min. Then cells
were washed in PBS three times. For every washing cycle, the cells were
centrifuged at 300 g for 5 min to discard supernatant. To prevent non-specific
binding, the pellets were resuspended in PBS + 10% EV-depleted FBS for 20 min
followed by three washes in PBS. Then, cells were incubated with primary
antibody mouse to mAb to TG2 (dilution 1:100, Abcam, USA) for 2 hours at RT.
Pellets were washed again two times before donkey to mouse IgG secondary
antibody conjugated to AlexaFluor® 750 was added (dilution 1:100, Abcam, USA)
for 1 hr at RT in the dark. Pellets were ultimately washed twice in PBS before
reaching the final suspension for the analysis (PBS with 10% EV-depleted FBS)

with CytoFlex flow cytometer (Beckman Coulter Life Sciences, UK).

4.2.9.3 Data analysis

Data were analysed with FlowJo 10.7 software (BD Biosciences, USA). Flow dot
plots and histograms were created. Quantitative analysis based on median
fluorescent intensity (MFI) and cell populations were obtained and graphically
represented using GraphPad Prism 8.

4.2.10 Cytokine Release (ELISA)
ELISA assay for IL-6, IL-8 and MCP-1 were performed according to

manufacturer’s instructions using commercially available kits, as described in
Section 3.2.6.

4.2.11 Real time quantitative PCR for genes linked to HSC

activation
Polymerase chain reaction (PCR) was performed by the collaborators at the
Foundation for Liver Research, Institute of Hepatology in London. RNA was
extracted from HSCs using ReliaPrep™ RNA Miniprep Systems (Promega, UK),
following manufacturer’s instructions. RNA concentration was measured using

Nanodrop1000 (ThermoFisher, USA). Then, RNA was converted into cDNA
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using GoScript™ Reverse Transcriptase kit (Promega, UK) and a cDNA
concentration of 10 ng/uL was obtained. Quantitative (Q)PCR was performed on
25 ng of cDNA using PCR master mix (PrecisionPLUS-R, from Primerdesign Ltd.,
UK) with low-ROX and Tagman gPCR probes (Integrated DNA Technology,
Coralville, USA.) in MicroAmp Fast Optical 96 well Reaction Plates (Starlab,
Milton Keynes, UK) using the ABI7500 Real-Time PCR System (Applied
Biosystems, CA, USA).

For the analysis, ribosomal protein lateral stalk subunit 0 (RLPO) housekeeping
gene threshold cycles (Cq) were used to calculate ACq for each gene in each
sample. Then, AACq was calculated by normalising against the ACq of the

untreated controls.

4.2.12 Statistical analysis

Statistical analysis was performed using Prism 8.1.1 software. First, data were

tested for normality as previously described (Section 2.3.8).

When the groups tested were 2 (0-50 um vs > 50 pum clusters), Student T test
was performed. When the groups tested were = 3 (CRC EV conditionings),
multiple comparisons tests were employed. ANOVA with Tukey’s post-hoc
analysis was performed for parametric data, while KW test with Dunn’s post-hoc
analysis was performed for non-parametric data. P-values less than 0.05 were
considered significant.

Data representation as previously described (Section 2.3.8).
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4.3 Results

4.3.1 Surface transglutaminase 2 expression depends on the

relationship between cancer cells and fibroblasts
Passive dyes did not cross-react, with MRC5 maintaining the green and SW480
maintaining the red staining (Figure 4.3A). Transglutaminase 2 was non
significantly decreased on MRCS5 in the co-culture compared to monoculture (P
= 0.0757) (Figure 4.3 Bi and Ci). The opposite trend was observed in SW480
TG2 expression, showing a non-statistically significant increase (P = 0.1802)
when placed in co-culture with MRC5 (Figure 4.3 Bii and Cii). To evaluate
whether the changes in the TG2 expression were EV mediated, DMA, inhibitor of
EV secretion, was introduced in the co-culture. DMA did not revert the expression
of TG2 in MRC5. However, SW480 TG2 expression decreased (non-significantly,

P = 0.4985) and reached a similar level of the monoculture.
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Figure 4.3. MRC5/SW480 co-culture altered expression of TG2. (A) Representative images of
passive co-culture staining with CellTracker™ dyes. Green CMFDA used for MRC5 staining and
Red CMTPX used for SW480. DAPI counterstain. (B) FlowJo histograms of TG2 levels. Modal
overlay scaling. Red = monoculture, blue = co-culture, yellow = co-culture with DMA,; (i) MRC5,

(i) SW480. (C) Median fluorescence intensity of TG2; (i) MRC5. Mean + SEM (n = 3). ANOVA,
(i) SW480. Mean + SEM (n = 3). ANOVA.
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4.3.2 Transglutaminase 2 expression in MRC5 is mediated by

cancer cells secretome

CRC secretome was used to evaluate the modification in TG2 expression by
fibroblasts. MRC5 fibroblasts treated with CRC EVs or soluble proteins were
stained for TG2 and analysed with flow cytometry. TG2 positivity was identified
after selecting the threshold with the secondary only control. A decrease in TG2
expression was observed with all the treatments, which reached significance for
treatments with SW480 or SW620 soluble proteins (P < 0.01), but failed to reach
significance in cells treated with CRC EVs (P = 0.7 for SW480 EVs, P = 0.7022
for SW620 EVs) (Figure 4.4).
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Figure 4.4. TG2 expression in MRC5 mediated by CRC proteins. (A) Gating strategy for the
evaluation of TG2 expression in MRC5. Threshold of positivity selected from the secondary only
control. (B) FlowJo histogram of TG2 expression. Smoothing applied. Modal overlay scaling. (C)
Median fluorescence intensity of TG2 expression. Mean = SEM (n=3). ANOVA, ** P < 0.01.

4.3.3 Transglutaminase 2 expression induced by CRC EVs

Since TG2 levels were increased in SW480 upon co-culture with MRC5, TG2 was
investigated in its impact on cancer cell invasion in the TME. TG2 expression
found in the invasive SW480 cells was investigated upon treatment with SW480

or SW620 EVs (Figure 4.5). To evaluate whether TG2 expression was dependent
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on the cell depth in the tissue, clusters close to and distant from the front of
invasion were separately considered (Figure 4.5C). No statistically significant
differences were observed (P > 0.05), even if in the control models, TG2 was
expressed less by clusters > 50 um distant compared to the ones close to the
front of invasion (0-50 pm). TG2 expression in single cell invasion significantly
increased when the 3D model was treated with SW620 EVs, compared to the
control (P < 0.05) and SW480 EVs conditioning (P < 0.01) (Figure 4.5Di).
Similarly, TG2 significantly increased in the invasive clusters with SW620 EVs
conditioning compared to the control (P < 0.001) and SW480 EVs (P < 0.01)
(Figure 4.5Dii). Preliminary data on TG2 expression were also obtained (n=2). In
a similar way, the mean grey values in the invasive region were evaluated, and a
significant increase in TG2 activity was observed following treatment with SW480
EVs only when compared to SW620 EV treatment (P < 0.05) (Figure 4.5E).
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Figure 4.5. TG2 expression in the 3D model of CRC invasion. (A) Representative images of
TG2 IF (green) around SW480 clusters. Dapi as counterstaining (blue). Scale bar = 10 um. (B)
Region of interest selected for the quantitative measurements. Invasive cluster close (0-50 pm)
and distant (> 50 pum) from the invasive layer. Mean Grey Values normalised to the areas. Scale
bar = 10 um. (C) Comparison of TG2 expression between close and distant clusters of invasion.
Mean + SEM (n=3). T test. (D) TG2 in single cells or clusters of invasion; (i) TG2 on single cells.
Mean £ SEM (n=3). ANOVA * P £0.05, ** P < 0.01. (ii) TG2 on clusters. Median + 95% CI (n=3).
Kruskal-Wallis ** P < 0.01, **** P < 0.001. (E) TG2 activity on total invasion. Median + 95% CI

(n=2). Kruskal-Wallis * P < 0.05.

4.3.4 Colorectal cancer EVs activate hepatic stellate cells

The role of CRC EVs and TG2 were evaluated in HSC activation, which correlates
with fibrosis and metastasis (Huang et al., 2019; Lee & Friedman, 2011). For all
HSCs results, the proteins levels were represented individually (according to the
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three cell lines) and as combined result for statistical analysis. Levels of a-SMA,
marker of HSC activation, were investigated. Tumour growth factor-beta
treatment increased the expression of a-SMA in all patient-derived HSCs (Figure
4.6A). Colorectal cancer EVs induced a stronger increase in HSCO073 and
HSCO088, with the highest levels reached with SW480 EVs. In HSC215, a-SMA
levels upon CRC EVs were similar to TGF-f treatment. Combined data showed
that SW480 EVs significantly increased a-SMA expression in HSCs compared to
the untreated (P < 0.005) (Figure 4.6B). SW480 EV treatment was significantly
higher than SW620 EV treatment (P < 0.05). When the gene expression of a-
SMA was evaluated, a higher level was found with TGF-( in all the patients HSCs
(Figure 4.6D). Alpha-smooth muscle actin was decreased with CRC EVs in all
the HSC cells. The TGF-B increase was statistically significant compared to the
untreated control (P < 0.005), to SW480 EVs and SW620 EVs (P <£0.001) (Figure
4.6E).
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Figure 4.6. a-SMA protein expression with IF and gene expression in HSCs. (A) Levels of a-
SMA in the three patient derived HSCs. Mean + SEM.(B) Summary of the levels of a-SMA
expression (mean grey value). Mean + SEM (n = 3). ANOVA, * P £ 0.05, *** P < 0.005. (C)
Representative images of a-SMA expression (red) with DAPI as counterstaining (blue). Scale bar
= 100 um. (D) gPCR data of a-SMA expression in patients HSCs. AACq normalisation to
housekeeping gene RLP0O. Mean + SEM. (E) Summary of TGM2 expression. Mean £ SEM (n =
3). ANOVA *** P < 0.005, **** P < 0.001.

Vimentin is another marker of HSC activation (Wang et al., 2019). Protein
expression of vimentin was analysed with IF. All the treatments varied according
to the HSC type. No changes were found with TGF- for HSC073 and HSC215,
while vimentin increased in HSC088 (Figure 4.7A). EV treatment didn’t follow the
same trend; HSCO073 cells showed higher levels of vimentin with both CRC EVs,

but for HSC088 and HSC215 the two EV treatments induced a decrease in
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vimentin expression. None of these changes were found statistically significant
(P > 0.05) (Figure 4.7B).
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Figure 4.7. Vimentin expression with IF in HSCs. (A) Levels of vimentin in the three patient
derived HSCs. Mean + SEM. (B) Summary of the levels of a-SMA expression (mean grey value).
Mean £ SEM (n = 3). ANOVA. C) Representative images of a-SMA expression (yellow) with DAPI
as counterstaining (blue). Scale bar = 100 um.

4.3.5 CRC EVs mediated TG2 expression in primary hepatic

stellate cells
To evaluate whether CRC EVs regulate TG2 in HSCs, in the same way as was
found in MRC5 cells, TG2 expression was assessed in HSCs deriving from
patients with liver fibrosis. Changes in TG2 expression upon treatment with CRC
EVs were dependent on the patient (Figure 4.8A). HSCO073 did not show any
change in TG2 when treated with TGF-B. Both CRC EVs induced an increase in
TG2 expression. HSC088 and HSC215 showed comparable TG2 expression:
higher with TGF-[3, but lower with SW480 and SW620 EVs. When the HSCs data
were combined, no significant changes were found (P > 0.05), although a non-
significant increase of TG2 was observed with TGF-B (Figure 4.8B). From the IF
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images, high cell density was found in HSC088 compared to the other two cells
(Figure 4.8C).
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Figure 4.8. IF TG2 expression in primary HSCs. (A) Levels of TG2 in the three patient derived
HSCs. Mean + SEM. (B) Summary of the levels of TG2 expression (mean grey value). Median +
95% CI (n = 3). Kruskal-Walllis. (C) Representative images of TG2 expression (green) with DAPI
as counter staining (blue). Scale bar = 100 um.

As TG2 can also be an ECM protein, TG2 was evaluated in HSC cell-derived
matrix. Transglutaminase 2 expression was patient specific when the HSC were
treated with TGF-B; HSC073 showed total loss of TG2 expression, whereas a
small decrease was found in HSC088 compared to the untreated control (Figure
4.9A); in HSC215 matrix TG2 increased upon TGF- treatment. CRC EVs
decreased the expression of matrix TG2 in all the patient cells, except of a slight
increase in HSCO73 when treated with SW480 EVs. When the measurements
were combined, no statistical significance was found (P > 0.05) (Figure 4.9B).
However, TG2 expression was globally lower after the CRC EVs treatments
compared to the untreated control and TGF- treatment (Figure 4.9B). To
observe whether the CRC EVs induced decrease was present at a gene level,
gPCR was performed for the TG2 gene (Figure 4.9D). Surprisingly, only HSC073
were found with a lower TG2 gene expression after EV treatment compared to
123



untreated control. Both HSC088 and HSC215 showed an increase expression,
especially with SW480 EVs. Combined data confirmed a non-significantly
increased TG2 expression after treatment with CRC EVs (P > 0.05) (Figure 4.9E).
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Figure 4.9. TG2 expression in HSCs decellularised matrix and TG2 gene expression. (A)
Levels of TG2 in decellularised matrix in patients HSCs. Mean + SEM. (B) Summary of the TG2
levels in decellularised matrix (mean grey value). Median + 95% CI (n = 3). Kruskal-Wallis. (C)
Representative images of isotype control for the staining and TG2 expression in decellularised
matrix (blue) (untreated). Scale bar = 100um. (D) gPCR data of TG2 expression in patients HSCs.
AACq normalisation to housekeeping gene RLPO. Mean + SEM. (E) Summary of TG2 expression.
Mean = SEM (n = 3). ANOVA.

Fibronectin was increased in all the patients HSCs upon TGF-B treatment,
however the increase was not statistically significant (P > 0.05). CRC EVs
induced very different results in the three HSC cells and the values also varied
within the replicates. This resulted in no significant changes in FN expression

overall.
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Figure 4.10. Fibronectin gene expression in liver fibrosis patients HSCs. (A) qPCR data of
COL1 expression in patients HSCs. AACqg normalisation to housekeeping gene RLPO. Mean *
SEM. (B) Summary of FN expression. Mean £ SEM (n = 3). ANOVA.

4.3.6 Impact of colorectal cancer EVs on proteins linked to

hepatic fibrosis

Collagen expression as a marker of fibrosis was assessed using a pan-collagen
antibody in the CDM. The expression of pancollagen was strictly related to the
patient origin of the HSC cells. Loss of pancollagen was found in HSC073. The
level in HSCO088 did not change from the untreated, but they increased in
HSC215. As for CRC EVs, pancollagen expression was not affected. No
significance was observed when the data was combined. Gene expression of
collagen | (COL1), the most abundant collagen in liver ECM (Nystrom, 2021), was
then evaluated. COL1 was increasingly expressed with TGF-B treatment,
although non significantly, as in HSCO088 the level was similar to the untreated
control (P = 0.4301). SW480 EVs decreased COL1 expression in HSCO073,
increased it in HSC215, but did not affect its expression in HSC088. SW620 EVs
induced and increase in COL1 only in HSC088 and HSC215. The increase was
not statistically significant compared to the untreated control when combined (P
= 0.8408).
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Figure 4.11. Matrix proteins expression in liver fibrosis patients HSCs decellularised
matrix. (A) Levels of pancollagen in decellularised matrix in patients HSCs. Mean + SEM. (B)
Summary of the pancollagen levels in decellularised matrix (mean grey value). Mean = SEM (n 2
3). ANOVA. (C) Levels of FN in decellularised matrix in patients HSCs. Mean + SEM. (D)
Summary of the pancollagen levels in decellularised matrix (mean grey value). Median + 95% Cl
(n = 3). Kruskal-Wallis.

Pro-inflammatory cytokines secreted by the HSCs were also evaluated. IL-6
secretion was higher from HSC215 cells compared to the other two cells. While
the levels of IL-6 with TGF-B varied in the three HSCs, the treatment with CRC
EVs led to increased IL-6 (Figure 4.12A). For the combined data, fold change
was applied due to the differences in intensity (Figure 4.12B). The data were
normalised against the untreated controls. Fold change values confirmed the
increase of IL-6 upon treatment with SW480 EVs and SW620 EVs, but not
statistically significant (P = 0.1829 for SW480 EVs, P = 0.7855 for SW620 EVs).
A similar trend was observed for IL-8 (Figure 4.12C). TGF-B induced an increase
in IL-8 secretion only in HSCO088, decreased in HSCO073 and was not affected in
HSC215. IL-8 levels were increased by CRC EVs, but not statistically significant
(P = 0.2727 for SW480 EVs, P = 0.0858 for SW620 EVs) (Figure 4.12D). MCP-1
was lower with TGF-B for all the HSCs (Figure 4.12E). SW620 EVs induced a
slight decrease of monocyte chemoattractant protein-1 (MCP-1) secretion,
especially in HSC088. The decrease expression of MCP-1 by TGF- was
statistically significant compared to the untreated control and SW480 EVs
treatment (P < 0.05) (Figure 4.12F).
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Figure 4.12. Pro-inflammatory cytokine release by liver fibrosis patients HSCs. (A) IL-6
secreted by patient HSCs. Mean + SEM. (B) Fold change values of IL-6. Median £ 95% CI (n =
6). Kruskal-Wallis. (C) IL-8 secreted by patient HSCs. Mean + SEM. (D) Fold change values of
IL-8. Median + 95% CI (n=6). Kruskal-Wallis. (E) MCP-1 secreted by patient HSCs. Mean + SEM.
(F) Fold change values of MCP-1. Mean + SEM (n=6). ANOVA, * P < 0.05.
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4.4 Discussion

In this chapter, the influence of CRC EVs on TG2 and proteins involved in ECM
remodelling was investigated and extended to a model of liver CRC metastasis.
Due to the multifunctional nature of TG2, it is pivotal to clarify the role of TG2 in
the specific mechanisms surrounding CRC progression. The evaluation of TG2
expression in different studies has highlighted the complexity and heterogeneity
of its functions; either pro- or anti-tumorigenic (Beninati et al., 2017; Tempest et
al., 2021).

To assess whether the relationship between cancer cells and fibroblasts plays a
role in the expression of surface TG2, a SW480/MRC5 co-culture was compared
to monocultures of the two cell lines. It was observed that the TG2 linked to MRC5
in co-culture with SW480 CRC cells was lower than MRC5 monoculture. TG2 has
been found to be expressed in CAFs of different cancers (Jia et al., 2020; Torres
et al., 2015). However, little is known about CAFs expression of TG2 in relation
to cancer cells. Therefore, it was important to further understand whether this
decrease was mediated by a specific kind of communication between the cell
types, such as EVs. However, when the inhibition of the EV secretion was
introduced, the level of TG2 was unaffected in the co-culture. Instead, when
MRCS5 were treated with soluble proteins derived from SW480 and SW620 cells,
this decreased TG2 levels compared to SW480/SW620 EV conditioning.

Surface TG2 is often found in a complex with FN, which is known to promote cell
adhesion to ECM and cell invasion in cancers (Mangala et al., 2007). When
SW480 cells were cultured with MRC5 fibroblasts, TG2 expression in SW480
increased compared to SW480 in monoculture, thus showing a role of CAFs in
regulating the expression of cancer related TG2. Interestingly, the dimethyl
amiloride (DMA) treatment led to TG2 levels similar to the SW480 in monoculture,
thus suggesting a role of MRC5 EVs in the regulation of cancer associated TG2
expression. Further studies on fibroblasts derived EVs are necessary to confirm

their involvement.

In a previous study carried out on similar organotypic cultures, the role of TG2 in
CRC was dependent on the stage of the cancer, as well as on the TG2 derivation
(Cellura et al., 2015; Delaine-Smith et al., 2019). Here, the impact of

SW480/SW620 EVs on the influence of TG2 expression on cancer invasion was
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assessed in the in vitro model of cancer invasion developed in chapter 2. An
important signature found in this previously published research was the strong
presence of TG2 on the boundaries between spheroids and ECM, which can
result from the accumulation of surface TG2 on cancer cells (Delaine-Smith et
al., 2019). Recently, the overexpression of TG2 in cancers has also been related
to chemoresistance (Zhang et al., 2023). Therefore, the confinement created by
TG2 around the tumour can be hypothesised to serve this purpose and protect
the cell cluster from immunity and anti-cancer agents. The analysis on TG2
expression was limited only to region of interests (ROIs) surrounding the invasive
clusters. Presence of TG2 was generally observed in the invasive clusters,
despite the border being less defined than in the cancer spheroid model (Delaine-
Smith et al., 2019). TG2 expression was significantly higher when the model was
conditioned with SW620 EVs, which also considerably increased the invasion of
cancer cells. This confirmed previous studies that related the presence of high
TG2 to cancer progression. In the PBS control, invasive clusters were observed
to lose TG2 expression as they were further detaching from the original mass.
Upon treatment with CRC EVs, the levels of TG2 expression were similar
between close and distant clusters, thus suggesting that TG2 expression might
be somewhat induced by the primary mass. The increased TG2 expression
mediated by SW620 EVs was found in both single cells and invasive clusters,
implying no direct link on TG2 expression on pattern of invasion. However, the
expression was lower in single cells treated with SW480 EVs, while in the clusters
was high. This might indicate that TG2 induced by SW480 EVs is dependent on
the ability of cells to aggregate in clusters.

Preliminary analysis on TG2 cross-linking activity were also performed to
evaluate whether there is a direct relationship between the presence of TG2 as
a protein and the cross-linking activity on the ECM. Despite being unfinished data
(n=2), TG2 activity increased only with SW480 EVs, but not with SW620 EVSs. In
a previous published study, TG2 cross-linking activity has, in fact, being
associated to a decrease in invasive behaviour of SW620 cells (Cellura et al.,
2015). Since the levels of TG2 activity were not increased, it was concluded that
SW620 EVs mediated invasion was not dependent on TG2 activity. On the other
hand, it was hypothesised that early-stage CRC advances using a cross-linked
and stiffer ECM (Cellura et al., 2015; Levental et al., 2009).
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4.4.1 Role of CRC EVs in hepatic stellate cells

Liver fibrosis has been associated with poor prognosis in CRC patients with
hepatic metastasis and increased relapse, implying that these strong alterations
to ECM have a role in seeding and supporting the establishment of metastasis
(Hu et al., 2020). In this preliminary experiment, HSCs, the main cells involved in
liver fibrosis, were treated with CRC EVs to evaluate their potential contribution
to the support of liver fibrosis. Three primary HSCs have been isolated from CRC
patients with liver metastasis with different fibrotic stages. Although the cohort of
HSC cells was limited, this study was designed to obtain preliminary information

on the influence of TG2 and CRC EVs on cells active in fibrosis.

Due to the phenotypical similarity with myofibroblasts, a-SMA is one of the main
markers for the activation of HSCs. Initially, presence of a-SMA in the
cytoskeleton of HSCs was evaluated to confirm that the HSCs isolated were a
good phenotypical model. TGF- treatment was used as a positive control to
observe increased activation of HSCs. TGF-f3 increased the presence of a-SMA
in all the three HSCs, confirming to be a good model for HSC activation. Both
treatment with CRC EVs induced an increase of a-SMA in the cells. With SW480
EVs especially, the mean grey values were even higher than the TGF-f
treatment. Interestingly, whereas the TGF-B increase is reflected by an increase
in the expression of the a-SMA, upon SW480/SW620 EV conditioning the a-SMA
transcription was reduced. These results indicate that CRC EVs can activate
HSCs, but the mechanism of activation is not gene dependent. Analysis on the
specific interactions between HSCs and CRC EV, which might involve specific

EV cargo, will help in identifying the mechanism of activation.

Among the proteins linked to the matrix stiffening characterising liver fibrosis, TG2
and its cross-linking activity have been found (Grenard et al., 2001; Li et al., 2019;
Tatsukawa et al., 2020). TG2 expression in HSC cells was generally increased in
response to TGF-B. It was observed that when the cells were treated with CRC
EVs, cellular TG2 expression was lower compared to the untreated control,
except for HSCO073, which showed an increased cellular TG2 expression with
both EVs. With this it was concluded that the phenotype and the derivation of the
HSCs might lead to differential need of TG2 as protein in the activation of HSC.
To evaluate whether was possible to visualise the presence of extracellular TG2,
which is likely linked to cross-linking activity, a staining on decellularized CDM
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was optimised and TG2 was expressed in the matrix filaments deposited by
HSCs. When its expression was investigated after the conditioning, TG2 was
variable, including after TGF-f treatment and in the untreated controls. However,
matrix deposition is also strongly dependent on the number of cells and the
phenotypic differences of the HSCs need to be considered when studying ECM.
For example, although the seeding density was the same for the three cell lines,
HSC088 showed a higher proliferation rate compared to the other two cell lines,
increasing the number of cells in the plates. A TG2 extracellular deposition
dependent on the type of HSCs could also mean that TG2 is involved in fibrotic
events, but it is not necessary for the events cascade. This was already observed
in a study where it was investigated the role of TG2 cross-linking activity in mouse
model (Popov et al., 2011). Yet, when the expression of TG2 was evaluated, CRC
EVs promoted an increase in HSC088 and HSC215. To confirm these results, a
wider study including more replicates and more HSCs needs to be performed.
Alongside TG2, FN presence in the CDM was evaluated, as FN has been
commonly found associated to extracellular TG2 (Antonyak et al., 2011;
Stamnaes et al., 2016). TGF-3 increased FN in all the HSCs and this was already
demonstrated, showing the production of FN by activated HSCs in in vivo and in
vitro (Liu et al., 2016). Treatment with CRC EVs identified a small loss of FN in
general. When the values were observed for each of the HSCs, a similar pattern
than cellular TG2 was observed, suggesting that the boundary between them is

present even in HSCs.

Deposition of collagen was also investigated. Pancollagen antibody was
evaluated on the CDM, to observe changes in the deposition of collagen fibrils
and then the expression of collagen type I, the most abundant collagen in the
liver was also assessed (Nystrom, 2021). CRC EVs did not show any specific
pattern in the alteration of collagens, with the only exception being COL1 in
HSC215 increased expression. This was not enough to conclude a role of CRC

EVs in the deposition of collagen by HSCs.

Finally, pro-inflammatory cytokines were assessed. IL-6 is associated with liver
regeneration and not commonly found in HSCs, but increased levels of IL-6 were
found in hepatic fibrosis linked to cancer (Schmidt-Arras & Rose-John, 2016).
This was confirmed by the levels found in HSCs, where IL-6 was higher only after
treatment with CRC EVs and not depending on the increase of TGF-B. IL-8 has
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not linked before to HSC, but it is a cytokine commonly produced by CAFs
(Thongchot et al., 2021; Zhai et al., 2019). Similarly to IL-6, CRC EVs slightly
increased the secretion of IL-8, thus showing that the pro-inflammatory feature in
HSC is specifically driven by cancer. On the other hand, MCP-1 is overexpressed
and linked to the recruitment of the inflammatory infiltration in chronic injury, but
its expression linked to HSC activation is not clear (Kobayashi et al., 2018;
Sprenger et al., 1999; Xi et al., 2021). Interestingly, an unexpected significant
decrease in MCP-1 was found when treated with TGF-B. As the chemokine is a
recruiter of neutrophils and macrophages, the levels of MCP-1 might not be
dependent by HSC activation but by the microenvironment. Further studies in 3D

models would be useful to confirm the decrease.

The HSCs analysed originated all by patients found with liver fibrosis as a feature
of different pathologies. To an extent, all the three HSCs had a background
activation. Comparing these results with normal HSCs can indicate whether CRC
EVs effects are more defined and can induce by themselves the activation of
HSCs.

4.5 Conclusions

TG2 alteration in the CRC TME is the result of crosstalk between cancer cells
and fibroblasts. Differential TG2 expression in cancer cells and fibroblasts are
linked to different TG2 roles, with reduced TG2 in MRC5 and increased TG2 in
SW480. The decrease in MRC5 was not EV mediated but induced by soluble
proteins. On the contrary, CRC EVs, in particular SW620 EVSs, increased the
presence of TG2 in the invasive clusters. CRC EVs contribute to the activation of
HSCs in a different way compared to TGF-B dependent activation, but the
mechanism of activation needs to be explored. TG2 was not necessary in the
activation of HSCs driven by CRC EVs, as it was heterogeneously present both
cellularly and extracellularly. Abundance of proteins linked to HSC activation and
liver fibrosis were modulated by CRC EVs in a manner dependent on the HSC

origin, thus suggesting different sensitivities in different types of hepatic fibrosis.
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5 Cell responses to EVs as CRC screening

biomarkers
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5.1 Introduction

Cancer is still a challenging disease with high mortality rates and effective
treatment strategies. For many types of cancers, including colorectal cancer
(CRC), the methodology used for diagnosis is often invasive and time consuming,
requiring the presence of a specialised clinician. In CRC for example,
colonoscopy is the gold standard diagnostic method, which requires preparation
for the patient the day before and the uncomfortable invasive procedure.
Combined with the financial burden of the surgical procedure, the patients’
compliance is low in undergoing colonoscopy, especially at early stage when the
cancer is asymptomatic (Kamel et al., 2022). However, the diagnosis of more
CRC patients at early stage would greatly improve the prognosis since the
survival rate at stage 1 is about 90% and decreases to less than 10% at stage 4
(Keane & Johnson, 2012).

Alongside the development of new therapeutics, non-invasive modalities of
screening CRC have helped in reducing the levels of patients’ death in the past
decades (Bretthauer et al., 2022; Doubeni et al., 2018). The implementation of
screening strategies, such as the faecal occult blood test (FOBT) and faecal
immunochemistry test (FIT) has shown to be beneficial in reducing cancer
mortality (Gupta, 2022). However, there is a continuous effort in researching new
biomarkers for the improvement of the screening methods, as they often lack in
sensitivity and specificity. Therefore, the prospect of liquid biopsies, such as
blood, urine and saliva, could provide additional advantage of offering non-
invasive detection alternatives to the traditional invasive approaches. The long
progression of CRC offers a promising window for the development of improved
screening biomarkers, from the long time required in the formation of the polyp,
to the asymptomatic transition from early to late stage (Gupta, 2022).
Furthermore, specific biomarkers can also be used to monitor targeted therapies.
Kristen rat sarcoma virus (KRAS) is currently the most reliable marker in CRC
and it has been implemented for patients under targeted chemotherapy treatment
towards epithelial growth factor (EGFR) (Sepulveda et al., 2017). By combining
promising biomarkers, it is possible to obtain a highly sensitive, specific screening
test, which can also determine known variations of the disease and help in

personalised therapy.
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5.1.1 Extracellular vesicles as cancer biomarkers

As extracellular vesicles (EVs) are found in all biofluids and contain bioactive
cargo defined by the donor cell and its environment, they are considered as
promising for use in liquid biopsies. In fact, the lipid bilayer characterising EVs
confer stability during circulation, making them one of the most interesting
approaches to researchers developing new and improved biomarkers (Gupta,
2022; Liu et al., 2021; Ogata-Kawata et al., 2014).

Once isolated, EVs contain a heterogeneous range of enriched cargo, which can
be profiled with omics techniques and introduced in online databases, such as
EVpedia (http://evpedia.info/) and ExoCarta (http://www.exocarta.orq)
(Shiromizu et al., 2017; Zheng et al., 2020). Within the various biological fluids,

circulating EVs do not always maintain the same phenotype, even when deriving
from the same cell type. In a study on lung cancer, differences in the proteome
contained in the EVs isolated from saliva and EVs isolated from serum were
identified (Sun et al., 2017). This potential lack of robustness and the
heterogeneity of circulating EVs does pose serious limitations, slowing the
process of introducing them into clinical workflows for diagnosis. Also, information
deriving from EVs is strongly dependent on the method of isolation chosen (Akbar
et al., 2022; Brennan et al., 2020). To investigate cancer EVs components and
cargo, the isolation needs to overcome two main steps: the high non-EV protein
and lipoprotein content present in the biofluids, which can compromise the purity
of the EVs and introduce bias in the analysis; and the isolation of specific cancer
EVs from the EVs produced by all the other cells in the body. The yield of cancer-
related biomarkers contained in a heterogeneous population of biofluid EVs is
generally low and thus hard to determine. This requires sensitive techniques that
are generally expensive, but also time consuming, therefore incompatible with

clinical procedures and timelines.

These limitations can become less influential if the EV bioactivities, rather than
the EV profiling, is considered as biomarker. The wide number of EV functional
roles on targeted tumour microenvironment (TME) cells and the extensive
research around their functional roles could help in identifying specific cell
responses working as cancer biomarkers. For example, it was shown that blood
EVs in women affected by breast cancer can induce angiogenesis in human
umbilical vein endothelial cells (HUVEC) compared to blood EVs from healthy
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women (Garcia-Hernandez et al., 2022). However, a singular cell response would
not be specific and reliable enough to be implemented as alternative screening
techniques, but it would be necessary to consider a panel of cell responses. Due
to the enriched and specialised EV cargos, specific EV types generally induce
more than one effect in cells, thus providing an interesting new perspective in the

research of EV related biomarkers.

5.2 Aims

Here, a screening approach based on the evaluation of multiple cellular
responses to CRC derived EVs was investigated. In the previous chapter,
differences in the bioactivity of cells in in vitro 3D models were observed upon
treatment with early or late-stage CRC EVS. This study tested the hypothesis that
cell responses to CRC derived EVs can determine the stage of the disease. First,
SW480 and SW620 EVs were used to treat SW480 cancer cells and MRCS5 lung
fibroblasts to determine a panel of potential biomarkers, which were then applied
ex vivo with patients derived EVs. Finally, multivariate analysis was developed to

evaluate the strength of the preliminary screening model.
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5.3 Materials and Methods

5.3.1 Experimental design

Cellular responses upon SW480/SW620 EV conditioning were evaluated in
MRC5 and SW480 cells, following the previous findings on the 3D models. Cell
migration, proliferation and metabolic activity were initially tested and then,
cytokine arrays were employed to widen the panel of responses. Plasma was
isolated from CRC patients and from healthy control (HC) blood. EVs were then
isolated and characterised according to the Minimal Information for studies of
EVs (MISEV) guidelines. The selected bioactive markers were then used to
perform a blind preliminary study to evaluate plasma EV influence. A multivariate
analysis model was then developed using the cell responses as variables.

Known bioactivity markers |

1 Migration, proliferation, metabolic activity
Cellular : :
responses Screening of potential
evaluation bioactive molecules
Cytokine arrays
[ Collection and isolation phase
Cells tested 9

Blood collection from Plasma isolation / EV

SW480 CRC patients / HC v isolation Plasma
EVs

~
haracterisation phase

MRC5

Morphology / size /
particle count / EV
markers

!

3
Cellular responses to
plasma EVs
I
[ Multivariate analysis ]

Figure 5.1. Schematic of Chapter 5 experimental design.
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5.3.2 2D Cell culture

General subculturing procedure of cell lines can be found in Section 2.3.2.

5.3.3 Conditioning with CRC EVs and CRC soluble proteins
SW480 or SW620 EVs were isolated according to Section 2.3.5.1 and size
exclusion chromatography (SEC) fractions 7-9 pooled. SW480 and SW620 SEC

fraction 19/20 which showed high content of soluble proteins were also collected.

5.3.3.1 Alamar blue assay

Alamar blue assay was performed to evaluate the metabolic activity of the cells
after the treatment with CRC EVs. SW480 or MRCS5 cells (20,000 cells/well) were
cultured in a 96 well plate and left growing until 50% confluent. Then, cells were
treated with 50 pg/ml of SW480 or SW620 EVs, SW480 or SW620 soluble
proteins (SEC fraction 19/20) in DMEM with 10% EV-depleted serum for 48
hours. A control condition (PBS) was also created for each experimental
replicate. Supernatant was collected from the wells at the end of the experiment
and stored at -80°C for further assays. Resazurin sodium salt was resuspended
in EV-dep media to reach a concentration of 0.03 mg/ml to replace the
conditioning media of the cultures and left for 4 hours. Finally, absorbance
readings were taken with excitation wavelength (Aex) at 530-560 nm and

emission wavelength (Aem) at 590 nm using Clariostar (BMG Labtech, UK).

5.3.3.2 Scratch assay

Scratch assay was performed to investigate the rate of migration of SW480 and
MRCS5 cells after the treatment with CRC EVs. SW480 or MRC5 cells (500000
cells/well) were cultured in a 24 well plate and left growing until 200% confluent.
Then, a pipette tip was used to obtain a vertical scratch in the middle of the culture
of about 1 mm. After three PBS washes to remove the detached cells, adherent
cells were treated with 50 pg/ml of SW480 EVs or SW620 EVs, SW480 or SW620
proteins in DMEM with 10% EV-depleted serum. A control condition (PBS) was
also created for each experimental replicate. Brightfield images were acquired
with Cytation™ 5 Cell Imaging Multi-Mode Reader (BioTek, UK) at 0, 8, 24 and
36 hours of culture. Supernatant was collected from the wells at the end of the
experiment and stored at -80°C for further assays. Images of the scratch time

points were analysed with ImageJ 5.1i. Ten measurements of the distance in the
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scratch gap were taken at each time point and the difference was calculated to

evaluate the migration length of the cells.

5.3.4 Propidium lodide staining

Propidium iodide staining, a fluorescent dye which labels dead cells (ex 535/em
615nm), was performed on SW480 and MRCS5 cells to evaluate the changes in
cell death after the treatment with CRC EVs. Media of SW480 cells in 96 well
plates was replaced after the Alamar blue assay and cells left for a further day to
expand in normal growing media condition (Section 2.3.2) to let the cells re-
equilibrate. Then, 10 yl of propidium iodide solution (10% in PBS) was added to
each well and incubated at 37°C for 30 min. Texas Red (Aex = 596, Aem = 615)
fluorescent images were acquired with Cytation™ 5 Cell Imaging Multi-Mode

Reader and count of red foci (death cells) was performed with ImageJ.

5.3.5 Glucose metabolism pathway

Supernatant from SW480 cells was used to evaluate the glucose uptake by the
cells after the treatment with CRC EVs. Glucose consumption in the conditioned
supernatant (Section 5.3.3.1) was assessed through glucose oxidase assay
(Gox). Briefly, glucose oxidase reagent was prepared by adding 1mg/ml of 2,2’-
azino-bis (3-ethylbenz-thiazoline-6-sulfonic acid) disodium salt (ABTS), 1000
ul/mg of Peroxidase Type VI-A and 40.3 u/mg of Glucose oxidase Type II-S into
a 0.1 M phosphate buffer solution (pH 7). A standard curve of glucose (0 uM-
100 pM) was generated and 50 pl of each standard or sample was added into a
96 well-plate. Glucose oxidase reagent was added to the solution and colorimetric

optical density (OD) was taken at 570 nm.

Lactic acid production was measured through L-Lactic Acid (L-Lactate) assay kit
(Megazyme, UK) as per the manufacturer’s instructions. Briefly, a standard curve
was prepared with L-lactic acid (0-15 ug/ml). Standards and samples were mixed
with solution buffer (pH 10.0) plus D-glutamate and sodium azide (0.02% wi/v),
Nicotinamide adenine dinucleotide+/Polyvinylpyrrolidone (NAD+/PVP) and D-
glutamic pyruvic transaminase (D-GPT). Then, L-lactate dehydrogenase (L-LDH)
was introduced and incubated for 10 min before the OD was taken at 340 nm.

5.3.6 Cytokine arrays

Cytokine arrays were employed for the discovery of differential expression of

cytokines upon EV treatment. Human cytokine arrays (ab133998 and ab169815,
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Abcam, UK) were performed according to the manufacturer’s protocol, 80 targets
were tested for MRC5 and 51 targets for SW480. Membranes were initially
blocked with blocking buffer at RT for 30 min. The buffer was replaced by 1 ml of
supernatant from scratch assay (PBS control and SW620 EVs treatment) and left
at 4°C overnight. For each incubation step, 6 washes (5 min each, RT) were
performed with two different washing buffers. After the sample incubation, a large
volume wash was also performed to remove the excess (45 min). The
membranes were incubated overnight at 4°C with biotin-conjugated anti-
cytokines. Then, washing steps were performed and HRP-Conjugated
Streptavidin added to the membrane for 2 hours at RT. To detect the signals,
detection buffers were mixed 1:1 and added to the membrane for 2 min before
chemiluminescent images were obtained with LI-COR OdysseyFc. Imager (LI-
COR Biosciences, USA). Semi-quantitative densitometry analysis was performed
with Image Studio Lite (LI-COR Biosciences, USA).

To choose relevant cytokines for further analysis, density values and fold change
compared to the PBS treatment were considered. Only cytokines with density
values over 0.01 were further considered. Fold changes with opposing results

between the biological replicates were discarded (Supplementary 7.1).

5.3.7 Cytokine Release (ELISA)

An assessment was made of eight cytokines (IL-6, IL-8, MCP-1, TIMP-1, TIMP-
2, GDF-15, VEGF-165 and Nidogen-1) using a sandwich ELISA. All the ELISAs
assays were performed according to manufacturer’s instructions of commercially
available kits (PeproTech EC Ltd., UK; Bio-Techne, UK). Capture antibody,
detection antibody and Streptavidin-HRP concentrations, alongside the
supernatant dilutions are reported in Table 5.1. ELISA assay antibody
concentrations and standard curve ranges. For VEGF-165, concentrations were
approximately calculated as information was not provided by the supplier. Nunc
96 well MaxSorp™ ELISA plates (Thermofisher, UK) were coated with 50 pl/well
of capture antibody and incubated overnight at RT. Between every incubation
step, plates were washed four times with 200 ul/well of washing buffer (0.05%
Tween-20 in PBS) and blotted on clean paper towel to remove all the buffer. The
following morning the plates were incubated with 200 pl/well of block buffer (1%
BSA in PBS) for 1 hr at RT. Then, the plates were incubated with 50 pl/well of

samples/standards overnight at 4°C. Dilution antibody (50 ul/well) was incubated
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for 2 hours at RT, followed by 30 min RT incubation with 50 pl/well of Streptavidin.
The final incubation step was performed with 50 pl/well of TMB substrate (Fisher
Scientifics, UK). Without washing the plates, the reaction was stopped by adding
50 pl/well of 1M HCI. Ultimately, the optical density of the reaction was analysed
with Clariostar plate reader at 450 nm wavelength, with correction set as 620 nm

wavelength.

Table 5.1. ELISA assay antibody concentrations and standard curve ranges. For VEGF-165,
concentrations were approximately calculated as information was not provided by the supplier.

Cytokine Capture antibody | Detection antibody Standard curve
(Hg/ml) (ng/ml) (pg/ml)

IL-6 900-T16 (Peprotech, 0.5 0.125 7.81-2000
UK)
IL-8 900-T18 (Peprotech, 0.125 0.25 0.78-200
UK)
MCP-1 DY279 (Bio- 1 0.025 15.6-1000
Techne, UK)
TIMP-1 DY970 (Bio- 2 0.05 31.2-2000
Techne, UK)
TIMP-2 DY971 (Bio- 2 0.0125 31.2-2000
Techne, UK)
GDF-15 DY957 (Bio- 2 0.0125 7.81-500
Techne, UK)
VEGF-165(A)  900-T10 ~0.1 ~0.1 3.125-800
(Peprotech, UK)
Nidogen-1 RK07569 Provided by the manufacturer 0.075-10000
(Universal biologicals, UK)

5.3.8 Plasma EV isolation

Blood from CRC patients was collected after written informed consent following
ethical approval (REC reference: 19/NI/0221, Supplementary 7.3) from the
Department of General Surgery, Sheffield Teaching Hospitals. Similarly, HC
blood from donors working at Sheffield Hallam University was collected after
written informed consent following the same ethics approval (Table 5.2). Blood
was collected in EDTA vacutainers (Fisher Scientific, UK) which have been
reported as the optimal for plasma derived EV stability (Buntsma et al., 2022).
Within three hours from collection, the blood was centrifuged at 1,000 g for 10

min to obtain whole plasma. The plasma was diluted 1:1 and centrifuged at 1,500
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g for 15 min. Again, supernatant was centrifuged at 2,500 g for 15 min before
storing it at -80°C. EVs were isolated within 6 months of storage. Once defrosted,
0.5 ml of plasma was centrifuged to remove the lipoproteins at 10,000 g for 30

min and then applied to SEC columns as previously described (Section 2.3.5.2).

5.3.9 Blood EVs characterisation

5.3.9.1 Protein quantification with BCA assay
Protein quantification assay was performed on fractions 1-20 using BCA assay

as previously described (Section 2.3.5.3).

5.3.9.2 Transmission electron microscopy

Transmission electron microscopy images to evaluate the EVs morphology,
structure and size were obtained following the protocol described in Section
2.3.5.4.

5.3.9.3 DELFIA® for tetraspanins EV markers

To confirm tetraspanins expression, blood EVs were tested for CD9 (ab2215
mouse monoclonal [MEM-6]; Abcam, UK; 1:5000 dilution), CD63 (MCA2142
mouse monoclonal [MEM-259]; Bio-Rad Ltd, UK; 1:5000 dilution) and CD81
(MCA1847 mouse monoclonal [1D6]; Bio-Rad Ltd, UK; 1:5000 dilution) with
dissociation-enhanced lanthanide fluorescence immunoassay (DELFIA®). The
technique exploits time-resolved fluorescence allowing higher sensitivity and
stability. Then, 100 ul EV fractions (5-12) were incubated overnight at 4°C into
Nunc 96 well MaxSorp™ ELISA plates. Between every incubation step, plates
were washed four times with 200 pl/well of washing buffer (10 mM Tris-HCI,
0.05% v/v Tween-20, 130 mM NaCl) and blotted on a clean paper towel to
remove all the buffer. Blocking of non-specific sites was performed by adding 300
pl per well of 1% w/v BSA in PBS for 2 hours at RT. Primary antibody (100 pl) for
CD9, CD63 and CD81 (0.1% w/v BSA in PBS) was incubated overnight at 4°C.
The plate was then incubated with 100 pl/well of biotinylated anti-mouse IgG
secondary antibody (1:2500, Perkin-Elmer Life Sciences, UK) in 0.1% w/v BSA
in PBS for 1 hour at RT onto a plate shaker. Eu-N1 streptavidin conjugate (Perkin-
Elmer Life Sciences, UK) was diluted (1:1000) in assay buffer (50 mM Tris-HCI,
0.9% v/w NaCl, 0.2% v/w BCA, 0.1% v/v Tween-20, 20 uM pentetic acid) and 100
ul added to the wells for 45 min at RT on a plate shaker. The plate was washed
six times in wash buffer before the last incubation in DELFIA© enhancement
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solution (Perkin-Elmer Life Sciences, UK) for 5 min at RT on a plate shaker. Time-
resolved fluorescence was measured with Europium protocol (ex/em 320/615

nm) with Wallac Victor2™ 1420 multilabel counter.

5.3.9.4 Particle size, count and tetraspanin markers with NanoFCM

Pooled EV fractions deriving from CRC patients and HCs were analysed with
using a Nanoanalyzer instrument by NanoFCM Co., as previously described in
Section 2.3.5.7

5.3.10 Statistical analysis
Statistical analysis was performed using Prism 8.1.1 software. First, data were
tested for normality (gaussian distribution) with two modalities: D’Agostino &

Pearson test (for data with n > 3) and Shapiro-Wilk test (for data with n < 3).

As the groups tested (CRC EV, soluble proteins and blood EV treatments) were
= 3, multiple comparison tests were employed for all the dataset of this chapter.
Multiple comparison through ordinary one-way ANOVA (ANOVA) with Tukey’s
test as post-hoc analysis was performed for parametric data, while Kruskal-Wallis
(KW) test with Dunn’s test as post-hoc analysis was performed for non-parametric

data. P-values less than 0.05 were considered significant.

Data representation varied according to the number of replicates and the normal
distribution. For data with n < 6, individual values were shown. When data were
shown as summary, mean + SEM was used for parametric data, whereas media

*+ 95% CI was used for non-parametric data.

5.3.10.1 Multivariate analysis

Multivariate analysis from the cell responses assays tested on SW480 and MRC5
cells after blood EV conditioning was performed with SIMCA® 16 Multivariate
Analysis software (Sartorius, UK). Results from the cell response assays tested
with plasma EVs were formatted and imported in the software. No pre-processing
normalisation was operated. Unsupervised partial component analysis (PCA) and
supervised PLS-DA were performed, with variable considered < 3. From the
partial least squares discriminant analysis (PLS-DA), variable important

projections (VIP) score was obtained with a confidence level of 95%.
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5.4 Results
5.4.1 Comparison between SW480 EVs and SW620 EVs effects

on cellular activity

5.4.1.1 SW480 cells responses to treatment with CRC EVs

To establish potential bioactivity markers, migration, cell viability, and metabolic
activity of SW480 cells were evaluated after treatment with SW480 and SW620
EVs for 48 hours. Cancer cell viability was not affected by the treatment with CRC
EVs as indicated by the Alamar blue assay (Figure 5.2A). However, a small non
statistically significant increase in cell death from the PI staining was found when
the cells were treated with SW620 EVs (P = 0.5074) (Figure 5.2B). CRC EVs did
not affect the glucose uptake of the cells, whereas SW620 EVs significantly
decreased the SW480 production of lactic acid (P < 0.05) (Figure 5.2C, D).
VEGF-165 (VEGF-A) was also tested. VEGF levels were significantly increased
with the CRC EVs treatments compared to the control (P < 0.05), with SW620
EVs significantly higher compared to SW480 EVs (P < 0.01) (Figure 5.2E).
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Figure 5.2. Metabolic assays on SW480 after treatment with CRC EVs. (A) SW480
proliferation with Alamar blue assay. Data were normalised to the PBS group; Mean £ SEM (n >
3). ANOVA. (B) SW480 cell death with PI staining; Mean + SEM, (n = 4). ANOVA. (C) SW480
glucose uptake; Mean + SEM (n = 4). ANOVA. (D) SW480 production of lactic acid; Mean + SEM
(n > 3). ANOVA. (E) VEGF-A expression in SW480. Mean + SEM (n=3). ANOVA, ** P <£0.01.

Cell migration was next assessed by scratch assay at four time points: 0, 8, 24
and 36 hours. Length measurements were taken from the border of cells still
adhering, as the single cell migration was undistinguishable from cells detaching
or cell death. Interestingly, while no differences were observed in the first 8 hours,
at 24 hours (P = 0.0599) and 36 hours both CRC EVs induced a decrease in the
migration of SW480 cells (Figure 5.3B), which was statistically significant at 36
hours (Figure 5.3C). The effect was higher with SW620 EVs (P < 0.01) compared
to SW480 EVs (P < 0.05).

145



A CTRL SW480 SW620

=
o
=
(o]
™
B "
500 - PBS 500~ *
= SW480 EVs
E 400+ -+ SW620 EVs E 400+
2 E
& * £
7:;» 300+ *% g 300
K] ]
S 200 § 200-
s ©
k=] =
= 100+ S 100+
0 T 1 0=
o 10 20 30 40 PBS SW480 EVs  SW620 EVs

Hours

Figure 5.3. Scratch Assay on SW480 after treatment with CRC EVs. (A) Representative
images of scratch wound assay on SW480 cells. Black lines indicate the perimeter of the wound
area. Scale bar = 500 um. (B) Summary graph of scratch wound assay showing wound healing
ability of SW480 cells. Data were normalised to TO (0 hour). (C) Scratch length at 36 hours
timepoint; Mean £ SEM (n =5). ANOVA, * P £0.05, ** P < 0.01.

To expand the panel of potential measures that could show responses to CRC
EVs, supernatants from the control and the treatment with SW620 EVs were
tested with a cytokine array of 51 targets (including proteolytic enzymes) and the
full list of non-significant results can be found in Supplementary 7.1. Signal
intensity and fold change between the control and the treatment were considered
for the selection of the most differentially expressed markers (Figure 5.4). Five
cytokines (GDF-15, PAI-I, Ferritin, N-CAM1 and Nidogen-1) reached a
normalised densitometry value of 0.05 (Figure 5.4B). Differences between control
and SW620 EVs treatment were considerably higher (over 0.5 fold change) for 6
cytokines: GDF-15, MMP-2, NCAM-1, Nidogen-1, RANK and VEGF-C (Figure
5.4C).
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Figure 5.4. SW620 EVs effects on SW480 cytokine expression. (A) Representative
chemiluminescent acquisition of the cytokine array membranes. (B) Cytokines found with the
highest signal. Densitometry data normalised to the control membrane (n=2). (C) Cytokines found
with the greatest differences between the control and the treatment with SW620 EVs (n=2).

5.4.1.2 MRCS5 cell response to treatment with CRC EVs

Similarly, cell viability, cell death and migration of MRC5 were tested. Alongside,
secretion of pro-inflammatory cytokines IL-6 and IL-8 was investigated as they
have previously been associated to the activation of CAFs (Zhai et al., 2019;
Zhong et al., 2021). MRC5 treated with both CRC EVs showed a statistically
significant increase (P <0.001 SW480 EVs, P £0,0001 SW620 EVs) in metabolic
activity compared to the control, together with a decrease of cell death (n = 2)
(Figure 5.5A, B). IL-6 was upregulated when the cells were treated with SW620
EVs compared to the control (P = 0.2382) and SW480 EVs (P = 0.3972), but the
increase was not statistically significant. SW480 EVs treatment also resulted in a
small increase in secretion of IL-6 (not statistically significant, P = 0.9204) (Figure
5.5C). Similarly, IL-8 levels were higher in cells treated with SW480 EVs (P =
0.8331), but even more with the SW620 EVs conditioning (P = 0.3447), despite

no statistical significance was observed (Figure 5.5D).
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Both SW480 and SW620 EVs increased MRC5 migratory ability, but the
increases were not statistically significant (Figure 5.6B). When the scratch was
analysed at 36 hours, a higher effect was linked to the SW620 EVs (P = 0.0707)
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compared to SW480 EVs (P = 0.3577) (Figure 5.6C).
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Figure 5.6. Scratch Assay on MRCS5 after treatment with CRC EVs. (A) Representative images
of scratch wound assay on MRCS5 cells. Black lines indicate the perimeter of the wound area.
Scale bar = 500 um. (B) Summary graph of scratch wound assay showing wound healing ability
of SW480 cells. Data were normalised to TO (0 hour), n = 5. (C) Scratch length at 36 hours
timepoint. Mean £ SEM (n = 5); ANOVA.

A cytokine array containing 80 immune related cytokines was performed to obtain
a wide panel of MRC5 cell responses to CRC EVs. The arrays were once again
limited to the comparison between the control and the treatment with SW620 EVs.
Seven cytokines were found to be highly expressed by MRC5: IL-6, IL-8, MCP-
1, HGF, TIMP-1, TIMP-2 and Osteoprotegerin (Figure 5.7B). When the difference
between control and treatment was considered, 9 cytokines (IL-6, MCP-1, BDNF,
TIMP-1, osteopontin, osteoprotegerin, TGF-B3 and PARC) were found to have
fold change between the biological replicates (Figure 5.7C).
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Figure 5.7. Cytokine array on MRC5 supernatant. (A) Representative chemiluminescent
acquisition of the cytokine array membranes. (B) Cytokines found with the highest signal.
Densitometry data normalised to the control membrane (n=2). (C) Cytokines found with the
greatest differences between the control and the treatment with SW620 EVs (n=2).

5.4.1.3 Comparison between the effect of CRC EVs and CRC soluble
proteins

To assess whether the changes observed in the cellular responses were specific
to the EVs, the treatments with CRC EVs were compared to the effects of soluble
proteins derived from the size exclusion chromatography in the two main assays
used previously, Alamar blue and scratch assay. A statistically significant
decrease in metabolic activity of SW480 (P < 0.05) was induced by SW620
derived proteins, whereas no changes were observed in MRC5 activity with
SW620 proteins compared to the control (Figure 5.8A, B). On the other hand, a
statistically significant increase in metabolic activity of MRC5 with SW480,
SW620 EVs (P < 0.0001) and with SW480 proteins (P < 0.05) was found. A
decrease in migratory activity of cancer cells was statistically significant only upon
treatment with SW480 (P < 0.05) and SW620 EVs (P < 0.01) (Figure 5.8C). On
the contrary, increased migration was significant only in fibroblasts treated with
SW620 proteins (P < 0.05) (Figure 5.8D).
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Figure 5.8. Comparison between the effects of CRC EVs and CRC soluble proteins on cell
activities. Data were normalised to the PBS control for Alamar blue, for TO (0 hour) for Scratch.
(A) Alamar blue on SW480. Mean + SEM (n > 3). ANOVA * P < 0.05. (B) Alamar blue on MRCS5.
Median with 95% CI (n > 3). Kruskal-Wallis * P < 0.05, **** P < 0.0001. (C) Scratch assay on
SW480. Data were normalised to TO (0 hour); Mean £ SEM (n > 3). ANOVA * P < 0.05, ** P <
0.01 (D) Scratch assay on MRC5. Mean + SEM (n > 3). ANOVA * P < 0.05.

5.4.2 Characterisation of plasma EVs

Preliminary analysis on cells treated with EVs deriving from 3 CRC patients and
3 HC plasma suggested changes in cellular responses (data not shown). Blood
EVs were characterised before comparing their effects with cell lines EVs. BCA
assay did not detect proteins from fraction O to 8 and showed low abundance of
proteins from fractions 8 to 10 (Figure 5.9A). High concentrations of proteins were
however observed from fraction 11 to 20 (Figure 5.9A). NanoFCM analysis for
CD9, CD63 and CD8L1 for the pooled fractions previously used (7-9) revealed low
percentages of the three markers, with only CD9 occasionally reaching 1%
(Figure 5.9B). To confirm the presence of EVs in the fractions, CD9, CD63 and

CD81 markers were investigated in fractions 5-12 with DELFIA immunoassay.
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The markers were highly expressed by fractions 8, 9, 10, 11 and 12, but absent

or low from fractions 5 to 7 (Figure 5.9C).
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Figure 5.9. Characterisation of SEC fractions and pooled EVs. (A) BCA assay of fractions
from SEC for CRC patients and HC derived EVs (n=3). (B) Tetraspanins percentage of positivity
of SEC fractions 7-9 derived from CRC patients and HC. (C) DELFIA assay of the three
tetraspanins markers of EVs (CD9, CD63, CD81). CRC patients and HC derived EVs (n=3).

DELFIA showed presence of CD9, CD63 and CD81 markers at fractions 8 — 12.
Since fraction 12 was close to smaller soluble proteins, it was decided to pool
only SEC fractions 8-11. The new pool of EVs was obtained from three patients
and then characterised again to obtain information about morphology, particle
count, size, protein concentration and marker expression (Figure 5.10). Double
membrane particles of different sizes (30-150 nm) were identified with TEM
(Figure 5.10A). Percentage of positivity of CD9 did not increase compared to the
previous pool, whereas CD63 and CD81 were higher in pooled EV fractions from
8-11 than pooled EV fractions from 7-9 (Figure 5.10B). Particle size showed an
average size of 60 nm and the concentration was between 10° and 10%° in all the

samples (Figure 5.10C).
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Figure 5.10. Characterisation of plasma EVs pooled from fractions 8-11. (A) Representative
TEM images of EVs with different sizes. Scale bar = 100 nm. (B) Tetraspanins percentage of
positivity of EVs derived from CRC patients and HC. (C) Particle concentration and size with
NanoFCM; (i) Particles concentration; Mean + SEM (n=3, (ii) Particle size; Individual values +
mean (n=3).

5.4.3 Cell responses to plasma EVs

5.4.3.1 Selection of the participants cohort

Pooled plasma EVs (fractions 8-11) from 18 participants (12 CRC patients and 6
HC) were then used to treat SW480 and MRC5 independently, using the methods
established using the cell line EVs. During the period of running and analysing
these experiments, the study was blinded until all the data were collected and
processed. The cohort of patients was chosen and randomly numbered by
another member of the research team to maintain blinding. Samples were
selected to compare the stage of the disease: 6 HC, 6 patients with early-stage
CRC and 6 patients with late-stage CRC (Table 5.2). During the analysis, non-
sensitive participant information was revealed to help in data interpretation. Of
the 12 CRC patients, only 3 were females. On the contrary, HC 83% were
females. Despite the intention to match the cohort in terms of age, HC (mean age
46.17 + standard deviation 5.67) were all younger than the CRC patients (mean
age 73.33 + standard deviation 10.65).
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Table 5.2. List of patients selected for the blind study. Blood was collected within the period
of 6 months. CRC patients in white, healthy donors in grey. * Age of CRC patients and healthy
donors at sample collection. CRC patients classified in two groups according to the stage. CRC
patients divided in two groups according to their tumour, node, metastasis (TNM) stage. Early =
T2-3, MO; Late = T3-4, M1.

Patient | Sex Age* Date of collection Stage (TNM) Classification

1 F 78 26/04/2022 T2NOMO

2 F 68 04/05/2022 T2NOMO

3 M 89 26/09/2022 T2N1MO Early

4 M 83 04/10/2022 T2NOMO

5 M 57 09/08/2022 T3NOMO

6 M 83 26/09/2022 T3NOMO

7 M 64 23/05/2022 T3N1IM1

8 M 80 21/07/2022 T3N1IM1

9 M 85 05/08/2022 T3NOM1 Late
10 M 63 13/09/2022 T3N2M1
11 M 58 27/07/2022 T4AN2M1
12 F 72 20/09/2022 TANOM1
13 F 45 02/09/2022 /
14 F 43 02/09/2022 /
15 F 49 09/09/2022 / Healthy controls
16 F 57 13/09/2022 /
17 F 39 13/09/2022 /
18 M 44 13/09/2022 /

5.4.3.2 Cell responses to plasma EVs

Migration (scratch assay) and cell viability (Alamar blue) were first evaluated, and
statistical analysis were first performed considering also the PBS control.
Decreases in proliferation and in the migration of SW480 and MRC5 were
generally observed with the plasma EV treatments, unrelated to the patient origin
(Figure 5.11). SW480 and MRCS5 proliferation resulted in no variation between
the treatments (Figure 5.11A, B). Only one outlier in late stage group strongly
decreased MRCS5 proliferation. SW480 conditioned with late stage EVs migrated
less than the HC (non significantly, P = 0.4418) and early stage EVs (non
significantly, P = 0.3470) (Figure 5.11C). The decrease from PBS control of late
stage treatment was significant in SW480 scratch (P < 0.05). A decrease in MRC5
migratory ability was observed with late stage EVs, not statistically significant
compared to HC (P = 0.5985) and early stage EVs (P = 0.1423) (Figure 5.11D).
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Figure 5.11. Cell viability and migration of SW480 and MRCS5 after plasma EVs treatment.
(A) SW480 Alamar blue. Data normalised to the PBS control. Mean + SEM; ANOVA. (B) MRC5
Alamar blue. Data normalised to the PBS control. Mean + SEM; ANOVA. (C) SW480 scratch
assay after plasma EVs treatment. Mean + SEM; ANOVA, * P < 0.05. (D) MRCS5 scratch assay
after plasma proteins treatment. Mean + SEM; ANOVA.

Cytokines showing changes upon EV treatment in the cytokine array screening
were investigated (5.4.1.1, 5.4.1.2). VEGF, GDF-15 and nidogen-1 were
analysed in the supernatant from SW480 cells. A non-statistically significant
increase in the levels of VEGF was observed with late-stage EVs conditioning
compared to PBS control (P = 0.1509), HC (P = 0.1657) and early stage (P =
0.2114) (Figure 5.12A). GDF-15 significantly increased with late stage EVs
conditioning compared to the PBS control (P < 0.05) (Figure 5.12B). The outlier
patient was found in GDF-15 and was responsible for the large standard
deviation. Nidogen-1 levels were significantly decreased in similar way after all
the blood-derived EV treatments compared to the PBS treatment control (P <
0.01 for HC and early stage EVs, P < 0.005 for late stage EVSs) (Figure 5.12C).
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Figure 5.12. Cytokine release of SW480 and MRC5 after plasma EVs treatment. (A) VEGF
concentration in SW480 supernatant. Mean + SEM; ANOVA. (B) GDF-15 concentration in SW480
supernatant. Median + 95% CI; Kruskal-Wallis, * P < 0.05. (C) Nidogen-1 concentration in SW480
supernatant. Mean £ SEM; ANOVA, ** P < 0.01, ** P < 0.001.

MRCS5 supernatant was analysed for IL-6, IL-8, TIMP-1, TIMP-2 and MCP-1
(Figure 5.13). A general decrease (not statistically significant) in the levels of all
the cytokines tested was observed when treated with plasma EVs. The decrease
in TIMP-2 with late stage EVs was significantly lower compared to the PBS
control (P < 0.01), as well as with early stage EVs (P < 0.05) (Figure 5.13D).
Variability in expression after treatments within the different patient groups was
present in IL-6, IL-8 and MCP-1, especially after treatment with late stage EVs.
One patient from the late stage was distinct from the other data points and for IL-
8 was so different to be the only value higher than the PBS control (Figure 5.13B).
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Figure 5.13. Cytokine expression of MRC5 after plasma EVs treatment. (A) IL-6 concentration
in MRC5 supernatant. Median with 95% CI; Kruskal-Wallis. (B) IL-8 concentration in MRC5
supernatant. Median with 95% CI; Kruskal-Wallis. (C) TIMP-1 concentration in MRC5
supernatant. Mean + SEM; ANOVA. (D) TIMP-2 concentration in MRC5 supernatant. Mean +
SEM; ANOVA, * P < 0.05, ** P < 0.01. (E) MCP-1 concentration in MRC5 supernatant. Median

with 95% CI; Kruskal-Wallis.
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5.4.3.3 Multivariate analysis approach based on cell responses to plasma
EVs

All the results obtained from the cell response assays (from both SW480 and
MRCS cells) for the evaluation of plasma EVs were then combined to create a
multivariate analysis model, excluding the PBS control. Initially, PCA was
performed as unsupervised analysis to investigate the ability of the patients to
cluster together (Figure 5.14A). No clusters were observed except for one patient
from the late-stage EVs group which was separated from the others (P1). When
the supervised PLS-DA was performed, which considered the information about
the patient group, two main clusters were observed: one formed by early and HC,
and one formed by late-stage patients (Figure 5.14B). Despite some overlap, the
HC group cluster was tight around the centre of the axis/right side of the x axis;
similarly, the late-stage group clustered on the left side of the x axis (PC1) and
had only one patient (P5) as outlier. The early-stage group was instead divided
into two groups: P10 and P11 close to the left side of the x axis and P4, P6, P15,
P16 on the right side of the axis.
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Figure 5.14. Principal component analysis and partial least squares discriminant analysis
score plots. Cell responses assays on SW480 and MRC5 were combined to evaluate the results
of the treatment with plasma EVs. Each point corresponds to a patient (A) PCA unsupervised,
patient groups not considered for the analysis. (B) PLS-DA supervised, patient groups considered
for the analysis. HC=healthy control.
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From the PLS-DA, VIP scores can be obtained to evaluate the variables that
contributes more to the separation according to the groups (Figure 5.15).
Variables with VIP larger than 1 are most relevant for the separation. GDF-15,
TIMP-1, Scratch MRC5, VEGF, TIMP-2, IL-6 and MCP-1 were over 1. However,
TIMP-1, Scratch MRC5 and IL-6 were characterised by large uncertainty bars.

VIP Score

VIP[3]
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TIMP-2
IL-6-
MCP-1+
IL-8-

GDF
TIMP-14
Scratch MRC5
Nidogen-1-

Alamar SW480

"_Scratch SW480-
£ Alamar MRC5

Figure 5.15 VIP Score based on PLS-DA. All the variables introduced in the multivariate analysis
are represented in order of importance for the clustering of the PLS-DA.

160



5.5 Discussion

Despite recent advances in screening for CRC, diagnosis is still frequently made
in later stages of disease where prognosis is poor. The discovery of new
modalities of screening for cancer is therefore essential to support patient
diagnosis, prognosis, and therapeutic strategies. EVs have huge potential as
circulating biomarkers due to their disease-relevant cargo and their translation
into clinical use is currently being explored (Ogata-Kawata et al., 2014;
Sepulveda et al., 2017; Shiromizu et al., 2017). Since the EV cargo is bioactive,
the aim of this Chapter was to build on EVs as potential biomarkers by evaluating
the potential for cellular responses to EVs from differential CRC stage using

multiplexed cell-based bioassays.

5.5.1 Cell responses to CRC cell lines EVs

In the previous chapters, the difference in invasion of SW480 when treated with
their own EVs or SW620 EVs suggested that other basal cellular activities can be
modified by the effect of CRC EVs. Due to the isogenic origin, SW480 and SW620
cell lines offer an interesting in vitro model in which to observe differences in the
effect of stage dependent EVs on cells of the TME (Palmieri et al., 2015; Slater
et al., 2018).

EV responses were investigated on SW480 cells. Despite invasion in the 3D
model being driven by CRC EVs in a stage dependent way (section 2.4.3),
migration in the scratch assay showed the opposite trend. SW620 EVs
significantly decelerated the migration of SW480 cells. This was in line with a
recent study, where an increase in migration in a scratch assay was induced only
by hypoxic SW480/SW620 EVs and not by the normal phenotype (Endzelins et
al., 2018). However, when migration was investigated via transwell assay,
SW480 migratory activity was enhanced by the treatment with metastatic SW620
EVs (Pang et al., 2021), indicating that the method is critical when assessing the
impact of EVs on migration. It is important to understand the limitation of scratch
as a migration assay since it is a 2D assay lacking matrix and biomechanical
support. SW480 showed significant proliferation and presence of cells in
suspension even after three washes performed after the scratch, which made the
measurement of single cell migration difficult. For this reason, the scratch
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measurement was limited to the cohesive cell front and may not be representative

of the migratory events in vivo.

Cancer cells adapt their metabolism to address the requirements of the
continuously changing TME during the steps leading to metastasis (Wei et al.,
2020). A small increase in cell death was observed after treatment with SW620
EVs, but the proliferation remained unchanged, implying a minimum loss of cell
viability. Lactic acid production, which is an indicator of anaerobic glycolysis, was
considerably lower after treatment with SW620 EVs compared to the control and
SW480 EVs. This can indicate a change in the metabolic pathways being utilised,
which has been previously representative of phenotypical changes towards
aggression in other types of cancer (Yao et al., 2022; Zhou et al., 2022).

Several factors were considered when supernatant from conditioned SW480
(similarly for MRC5) was analysed with cytokine arrays; first, signal intensity was
a crucial feature in the selection of the cytokine of interest. Multiplexed cytokine
arrays are generally more sensitive compared to ELISA bioassays, therefore only
the cytokines with high signal intensity were considered for further ELISA-based
analysis. Then, the difference between the control and SW620 conditioning
needed to be relevantly high and consistent between the two biological replicates
performed. Two key cytokines were identified with both features: GDF-15 is a
member of the TGF- family and has been extensively linked to metastasis in
different cancers (Li et al., 2016; Li et al., 2018; Siddiqui et al., 2022); nidogen-1
has also previously related to poor clinical outcomes and metastasis (Aleckovic¢
et al., 2017). Interestingly, EVs from metastatic hepatocellular carcinoma were
found to be enriched in nidogen-1 (Mao et al., 2020). VEGFs are a group of
growth factors playing a key role in angiogenesis and vascular remodelling
necessary for cancer invasion and metastasis development (Yang & Cao, 2022).
VEGF-C was the only cytokine to decrease after the treatment with SW620 EVs.
Not much is known on the role of this growth factor in cancer, but the most recent
study showed increased production associated with lymphoangiogenesis in
metastasis, thus aligning it with growth factors from the same family (Akagi et al.,
2000). As the signal was too low to consider it for further investigation, we tested
whether the same effect was observed with the more abundantly expressed
VEGF-A. Interestingly, both EVs induced an increase in VEGF-A expression, in

line with previous studies (Ko & Naora, 2020).
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The phenotypic switch from normal fibroblasts to CAFs has also been associated
with cancer derived EVs in different types of cancer (Giusti et al., 2022; Zhang et
al., 2022). Therefore, cellular responses were also investigated in the MRC5
fibroblast cell line. A significant increase in proliferation and migration of MRC5
was induced by CRC EVs, supporting the idea that fibroblasts are activated by
EV cargo (Abdouh et al., 2019). Furthermore, higher expression of pro-
inflammatory IL-6 after the CRC EVs treatment was observed. The interleukins
released by CAFs have been previously found to be responsible for different
aspects of cancer progression, from inducing epithelial to mesenchymal (EMT) in
gastric cancer, to drug resistance in prostate cancer (Cheteh et al., 2020; Wu et
al., 2017).

When the cytokine array was performed on MRC5 supernatant, the signal
between the two replicates performed was variable, thus it was more difficult to
identify relevant cytokines. IL-6 present in the assay confirmed the data obtained
with the ELISA. Alongside, MCP-1 was increased after SW620 EV treatment.
MCP-1 is a crucial chemokine in the activation of tumour associated
macrophages and has been previously observed expressed by non-tumour
stromal cells (Yoshimura, 2018). As of the other cytokines and secreted factors,
TIMP-1 had intense signal and was relevantly inhibited by SW620 EV treatment.
As a matrix metalloproteinases (MMP) inhibitor, TIMP-1 decrease might
attenuate the MMP activity of cancer cells and subsequent ECM degradation.
However, increased expression of TIMP-1 in cancer cells has been also
associated with cancer progression (Gong et al., 2013). Extravesicular TIMP-1
activity was extensively investigated on stromal fibroblasts, which induced TIMP-
1 release by fibroblasts, as well as ECM remodelling and cancer invasion (Rao
et al., 2022). As part of the TIMP family, TIMP-2 was also found to be highly
expressed, although no significant differences were observed when comparing
the EV treatments. In cancer literature this protein has a less clear role compared
to TIMP-1, therefore evaluating it in relation to TIMP-1 may be of interest. TIMP-
2 inhibition was found to be increased with MMP-9 activity in CRC and leading to
poorer patient survival; in triple-breast cancer, increased levels of TIMP-2 were
found with EMT and metastasis (Peeney et al., 2020; Wang et al., 2019). In other
types of cancers, TIMP-2 expression, as well as TIMP-1, was linked to worse
outcome (Escalona et al., 2020). The increased expression of TIMPs might be a
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consequence of the feedback loop arisen by the increased MMP activity. As such,
TIMP-1 and TIMP-2 were selected as potential markers; however, further
analysis on the functional mechanism of TIMPs in relation to cancer EVs must be

conducted to clarify the variability between studies.

5.5.2 Isolation and characterisation of plasma EVs

To align the previous study and maintain consistency, SEC was the method
chosen for the isolation of plasma derived EVs. The choice of the isolation
technique impacts on the EVs output in terms of yield, purity and reproducibility
(Théry et al., 2018). When considering EVs derived from blood, the presence of
abundant lipoproteins can affect the purity of the isolation. Protocols containing
sequential combination of isolation techniques have been developed to attempt
to remove contaminants such lipoproteins, however such methods also result in
large loss of yield (Brennan et al., 2020). Despite the EV community not having
a single, standard established method of EV isolation from high protein liquid
biopsies, SEC is still one of the most preferred methods for the isolation of blood
EVs (Théry et al., 2018). Besides providing high EV yield, SEC is also a relatively
quick isolation method, ideal when working with patient samples.

BCA didn’t detect high concentration of proteins in the fractions from 6 to 12 as
previously observed with the cell lines EVs (Section 2.4.2.2). Determination of
protein concentration is known to be a challenge in the study of EVs and it varies
according to the nature of the EVs (Théry et al., 2018). When the pool of fractions
previously considered were analysed with NanoFCM for CD9, CD63 and CD81
tetraspanins, the percentage of positivity was lower than 1%. Despite this
seeming low positivity, plasma EVs are commonly found with tetraspanin
percentages around 3-4 % with this technique (Dong et al., 2020). When the
markers were examined with the higher sensitivity DELFIA assay, fractions 8 to
12 showed the presence of CD9, CD63 and CD81 tetraspanins. Fraction pooling
for experimental treatments was therefore refined to fractions 8, 9, 10 and 11,
without the inclusion of fraction 12 as this raised the possibility of contamination
with larger soluble proteins eluting from the SEC. Analysis of this EV pool by TEM
showed EVs of different size, and measurements with NanoFCM were again
analysed, showing an increase in the marker percentage, aligning with previous
studies. Despite the increase, the highest percentage of positivity for the three
EV linked tetraspanins (5.2% in CD63) was still considerably low, especially
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compared to the values found in cell line EVs (Section 2.4.2.3). This might be due
to the impurity due to lipoprotein contamination of EV preparations from blood
samples. When observing the size of EVs, plasma EVs were slightly smaller than
cell lines EVs. Although this might still be due to impurity of the samples, it is also
important to note that the pooled fractions of plasma EVs included fractions 10

and 11, which correspond to smaller size in the SEC.

5.5.3 Cell responses to CRC plasma EVs

In recent years, EVs and EV cargo derived from biological fluid have been
investigated as potential cancer biomarkers. Here, cellular responses to EVs from
plasma patients were explored to investigate whether they could be an alternative
screening source. It is imperative to consider that plasma EVs are not cancer cell
specific, therefore the effects observed cannot be strictly associated to the cancer
cells. EVs that circulate in the blood can have different origins and they can be
altered according to specific condition. (Yéafez-Mé et al., 2015). EVs released
during normal homeostasis are secreted in the body fluids and even EVs secreted
from the tumour can derive from all the cells of the TME. For this reason, rather
than focussing on single response, multiple responses on two different types of
cells representing the TME were investigated and multiple comparison analysis
were also attempted. Despite the limited differences previously observed with
scratch and Alamar blue, the two assays were used as a template to obtain
preliminary information on the group of patients investigated. A general decrease
in ability of migration and proliferation in both cell lines treated with plasma EVs
was observed, independently from the stage of the disease. When cell death was
assessed in the preliminary study, treatments with plasma EVs reduced the
overall death of the cells compared to the PBS treated control. Thus, it was
determined that the loss of proliferation and migration observed was not due to
cell death. SW480 cells that underwent the treatment with EVs from late-stage
patients were the least migratory, especially compared to the PBS control
treatment. However, these differences weren’t significant to determine variations

linked to the disease stage.

The expression of cytokines identified by arrays following cell line EV treatment

were assessed following plasma EV treatment. Higher expression of GDF-15 and

VEGF were observed after the treatment with EVs from late stage disease

compared to HC EVs. This would have resulted in statistical significance if not for
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one considerably lower outlying value. This was not observed in the cytokines
released by MRC5, as no main differences between the treatments were found.
Pro-inflammatory cytokines such as IL-6, IL-8 and MCP-1, previously attributed
to a worsening condition, were actually relatively low when MRC5 were treated
with late stage EVs. TIMP-1 and TIMP-2 were the least variable of all the
cytokines analysed. Despite the significative differences between the PBS control
and the EV treated MRC5 for TIMP-2, the concentration levels ranged on a similar
scale (20-30 ng/ml), but were not affected by treatments. Furthermore, for
concentrations close to the limit of detection of the assay, differences in

expression might be difficult to detect.

Since there were individual outlying values from the cluster in the late-stage
group, the patient history and information were considered. In VEGF, GDF-15
and MCP-1, the patient distanced from the late-stage cluster was the only patient
with grade IV CRC. The patient was also under levothyroxine medication, which
is given to patients with underactive thyroid (Hennessey, 2017). Levels of factors
and homeostasis in the blood can indeed be altered by specific treatments and
medications (Lone et al., 2022). In IL-6 and IL-8, the only two diabetic patients
showed values very different from the cluster. Despite the preliminary nature of
the study, this suggests important information about the feasibility of considering
cell responses to plasma EVs as cancer biomarkers, given co-morbidities and

effects of treatments.

Finally, all the cellular responses evaluated on the two cell lines were added into
a preliminary multivariate analysis model to assess the strength as a potential
screening test. PCA is used to observe multivariate data in a bidimensional
setting and helps in observing unsupervised clustering (Zhang & Castello, 2017).
In the PCA, the patient groups and HCs failed to cluster but overlapped within
each other. The only feature observed was the separation of one of the late-stage
diabetic patients (P1) from the cluster of the late-stage group. In combination with
PCA, supervised tests are also generally run, such as PLS-DA, to observe the
separation and clustering with the information on samples group (Lee et al.,
2018). When PLS-DA was assessed, late-stage group separated from the HC
and early-stage groups. Again, one outlier sample from the late-stage group was
observed, different from the PCA, which was the patient with CRC at grade IV.

Although HC and early-stage group did not separate between each other, two
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early-stage patients separated from the rest of the cluster. Both patients were in
advanced age at sample collection, with P10 being the oldest of the cohort (89
years old). PLS-DA and its VIP score gave also biological information by
confirming GDF-15 as principal component and highlighting its potential role in
stage-dependent CRC. Exploring different cellular responses to EVs which rely
on the stage of the disease is crucial to improve the PCA. Moreover, multivariate
analysis gains power with larger amounts of data, thus increasing the patient

number in the cohort would also improve the outputs.

5.6 Conclusions

The use of cell responses as multiplexed bioassays demonstrates that cancer
EVs can determine differential activities in cells according to the disease stage.
Despite the complex nature of blood components as liquid biopsies, stage-related
effects were also partially observed ex vivo with plasma EVs. However, functional
effects failed to consistently mirror the effects derived from in vitro treatments.
Preliminary supervised multivariate analysis showed promising results to use the
model based on cellular responses to EVs as screening test. Moreover, it showed
GDF-15 release worth of follow-up study. The results obtained were limited in the
number of patients and therefore need to be considered preliminary. In future, it
is pivotal to expand into larger numbers in the different stages of disease that
also account for medication and confounding factors, such as age, sex, and co-
morbidities that could influence the outcome.
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6 Conclusions and future work
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6.1 Final discussion and future perspectives

Colorectal cancer (CRC) still represents the third most common cause of cancer
worldwide. Detection of early CRC is challenging, which leads to a high
percentage of patients diagnosed at metastatic stage (Dekker et al., 2019). The
main aim of this project was to develop and exploit in vitro 3D models to obtain
information about the role of extracellular vesicles (EVs) in CRC progression and

to evaluate EV mediated effects as potential CRC markers.

6.1.1 CRC EVs and patterns of invasion

Invasion is a crucial step in the development of metastasis. Cancer cells can
escape the primary tumour by invading singularly or in clusters. Because of their
plasticity, cancer cells can switch between different modalities of invasion (Fried|,
2004). One of the roles for which cancer EVs support cancer progression is to
induce epithelial to mesenchymal transition (EMT) (Franzen et al.,, 2015;
Greening et al., 2015). However, the role of cancer EVs on invasive behaviour
was yet to be explored in a relevant tumour microenvironment (TME) model. EVs
have been mainly investigated in 2D cultures or in complex animal models, but
neither of these models is able to capture the complex mechanisms of tumour
invasion within the TME. In Chapter 1 a 3D model of CRC invasion was
developed to evaluate the role of CRC EVs in patterns of invasion.

The 3D model developed in chapter 2 showed increased invasion of cancer cells
in the matrix over a relatively limited amount of time (7-14 days), enabled by the
presence of a nutrient gradient in the transwell compartments. The 3D models
were processed as formalin-fixed/paraffin-embedded (FFPE) tissue which did not
compromise the structure and allowed easy handling and orientation of the
sample. Collagen fibril orientation could be also observed through histological
staining, which would be an important feature to quantify in future work, since
extracellular matrix (ECM) remodelling is a crucial event in invasive mechanisms
(Winkler et al., 2020). Along with the contraction induced by MRC5 on the low-
density matrix, this also demonstrates the potential for the 3D model to be
employed for future biomechanical testing associated to matrix remodelling,
which is an essential feature of cancer progression (Winkler et al., 2020).
Alterations in biomechanical properties of the tissues have also shown to
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influence the EV travelling in the ECM (Lenzini et al., 2020) and therefore being

of relevance in the study of EV signalling.

By comparing the impact of well characterised SW480/SW620 EVs (Nakurte et
al., 2018; Suwakulsiri et al., 2019) it was possible to compare impact of the stage
of disease. To obtain high enough yield for complex 3D model treatment, the cells
were cultured in bioreactor flasks, where they grew in a 3D limited space which
leads to the enrichment of EV and larger protein (Artuyants et al., 2021). The
long-term culture of the cells (up to 4 months) was specifically optimised for
cancer cells, which have a high degree of proliferation and are adapted to stress
conditions. Cells that require specialised or more sensitive conditions may not
adapt as readily. Both SW480 and SW620 EVs showed intact structure, high
percentage of tetraspanin markers, presence of the tumour susceptibility gene
101 (TSG101) marker and absence of Golgi matrix protein 130 (GM130), thus
confirming low contamination of purified EVs with intracellular membranes. Size
and particle count was monitored throughout different isolations. This means that
the production of EV, which to some extents mirrors the cell conditions, was
stable in the bioreactor and that CRC EVs could be used to evaluate biological
effects. The bioreactor-based culture method provided a long-term isolation of

fully functional cancer EVs at a relatively limited cost.

When CRC EVs were used to treat the 3D model, metastatic SW620 EVs had a
major impact on molecular signature and pattern of invasion. With SW620 EV
conditioning, invasion of cells in bigger clusters combined with a decrease in
proliferation of the invading cells were observed and was associated with a more
invasive behaviour (Friedl et al., 2012; Lattmann et al., 2021). This was confirmed
by an increase in N-cadherin (N-cad) and catenin delta-1 (p120), proteins
associated with EMT and mesenchymal motility. However, the 3D model did not
confirm loss of E-cadherin (E-cad), which is often associated with N-cad increase.
This could be potentially linked to the conservation of cell-cell adhesions in the
clusters (llina et al., 2020). However, E-cad was enhanced in the surrounding
matrix, suggesting an EV-linked expression and highlighting a limitation of the
model in the evaluation of in situ molecules simultaneously expressed by EVs

and by the tissue.
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6.1.2 CRC EVs and lung metastasis

Metastatic CRC is a major clinical issue due to the high percentage of patients
diagnosed at this stage, inefficacy of treatment and subsequent poorer outcomes
on survival. The necessity to find earlier detection signatures is essential because
of the poorer survival associated with late-stage CRC. EVs are one of the factors
responsible for pre-metastatic niche (PMN) formation (Dong et al., 2021).
Therefore, establishing in vitro models able to investigate these pre-metastatic
events may provide important clues that would enable treatments targeting the

PMN earlier in the disease progression.

In this work a 3D lung model was developed to represent the stroma undergoing
modification into a PMN. The 3D model was able to sustain cellular activity for a
period of 7 days, but loss of cell viability at day 14 prevented longer-term cultures.
Thus, the 7 day time point was used for PMN modelling through EV treatment.
However, after development of this model, there is scope for further optimisation
of conditions, for example through supplementation with growth factors, which

may sustain longer-term cultures in future work.

CRC EVs increased Von Willebrand factor (VWF) expression by endothelial cells
in both PMN and cancer invasion stage, meaning increased angiogenic
signalling, which is a hallmark of cancer (Al-Ostoot et al., 2021). Cellular marker
expression in the lung stroma confirmed the stage-dependant influence of EVs
also observed in chapter 2, with SW620 EVs having a substantial impact
compared to SW480 EVs. Finding stage-dependant responses can be crucial in

identifying disease mediators that could then be considered in screening tests.

A synergistic effect between CRC EVs and invading SW620 cells was observed
in the levels of alpha-smooth muscle actin (a-SMA) in the 3D model of lung. A
similar effect was observed in collagen Xl secreted by the 3D model upon
conditioning with SW620 EV, which resulted in the total loss of the protein. This
has never been observed before and might indicate that a crucial communication
between cancer EVs and cancer cells exists with the aim of improving the

success of cancer cells invasion into the PMN.

To date, this is the first study of matrix-assisted laser/desorption ionisation mass
spectrometry (MALDI-MS) as a platform to screen proteomic signatures in a 3D
model mimicking the TME. Recent research has focussed on the feasibility of MS
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and MS imaging in studying cancer spheroids and aggregoids embedded in inert
matrices (Flint et al., 2020) and so, this study builds on this to contribute towards
developing this high-throughput spatial approach for the cancer field. Moreover,
putative identification of ECM components, such as collagens, which are
considered challenging to detect with MALDI-MS imaging technique, were
identified by the application of a high-sensitive profiling approach. The TME has
a unique collagen composition and its alteration is crucial in the support of cancer
progression, which would support the significance of the development of the MS
technique.

6.1.3 CRC EVs interactions with TG2 and ECM remodelling in

cancer progression
One of the main features driven by the communication between cancer cells and
cancer associated fibroblasts (CAFs) is ECM remodelling (Winkler et al., 2020).
Among the proteins linked to ECM remodelling, transglutaminase-2 (TG2) has
been explored in cancer linked with EMT and apoptosis, but also due to its cross-
linking activity and compared to other cross-linking proteins such as lysyl oxidase
(LOX) (Tempest et al., 2021). TG2 cross-linking activity has also been linked to

chemoresistance (Shinde et al., 2022).

In Chapter 4, analysis on TG2 in the communication between SW480 and MRC5
cells confirmed a context-dependent expression of TG2. When cells were co-
cultured, the levels of surface TG2 were different from the levels expressed in
monoculture. TG2 decreased in MRC5, whereas it increased in SW480. This
demonstrated a cell-dependent expression of TG2 which may also suggest cell-
dependent roles of TG2. The evaluation of TG2 expression in CAFs upon
conditioning with secreted factors demonstrated that EVs are not the key
mediators in the alteration of TG2 in CAFs; instead, a direct communication
between the cells or release of specific soluble factors might mediate TG2
expression on CAFs. This was confirmed when soluble non-EV proteins released
from CRC cells decreased expression of TG2 in MRC5 fibroblasts rather than
CRC EVs. This was further confirmed in hepatic stellate cells (HSCs), where CRC
EVs did not have a defined impact on HSC expression of TG2.

Liver fibrosis has been previously associated with CRC and is strongly

characterised by activation of HSCs, which assume a myofibroblast-like
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phenotype, and drive ECM remodelling (Kondo et al., 2016). Of the factors
examined, only a-SMA was consistently increased by CRC EVs in the three
patient-derived HSCs at protein level, but this was not mirrored at transcriptional
level. As next step, it is crucial to investigate the mechanisms and the EV cargos
involved in the increased expression of a-SMA, which has been observed
previously in other myofibroblast lines (Giusti et al., 2022). The evaluated factors
involved in HSC activation showed alteration in the expression upon CRC
treatment, which did not relate between the three patients examined. Considering
the heterogeneity of the fibrotic condition in the three patients, the patient cohort

needs widening to confirm the relationship between patient-stage and EV impact.

6.1.4 Responses to EVs as a screening platform for CRC

By investigating the SW480/SW620 isogenic model, it was clear that stage-
dependent EV effects existed and could be observed in 3D models. This validated
the importance of relevant in vitro models in pre-clinical research, but it also
suggested a potential use of these responses as screening tools. EVs have long
been considered as potential screening tools; however, the phenotypic
heterogeneity that results from liquid biopsies containing EVs from all cells and

tissues in the body prevents a barrier to clinical use.

In this work, cell responses to EVs were evaluated to develop a preliminary
screening platform based on multivariate analysis. The cell assays chosen were
united by being cost-effective, time saving and straightforward, so they could be
implemented without using extensive resources. Cytokine arrays and multiplexed
assays are a useful tool to evaluate potential targets, alongside providing

biomolecular information.

Markers were refined first with the cell line model and then applied to plasma
derived EVs from CRC patients. The multivariate analysis performed on the
patients still needs to be considered as a second step in the marker validation
and not the final output of the screening. Although the classification of HC/early
stage/late stage was aligned with the cell line model, the pattern observed in the
assays was not always comparable. For this reason, the multivariate analysis

separated between the groups only partially.

This was a preliminary study and demonstrated proof of concept. However,
further markers need to be evaluated to improve the analysis score. Also, the age
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of the HC cohorts did not match the age of the CRC patients, which may have
influenced patient separation in the multivariate analysis. Nonetheless, the
multivariate analysis was able to indicate some markers with significant potential,
particularly the release of growth/differentiation factor 15 (GDF-15) by CRC cells.
When working with liquid biopsies, treatment strategies can lead to alterations in
blood components, thus biasing biomarker efficacy (Lone et al., 2022). In the
cohort of patients selected, outlier patients were observed in both single assays
and multivariate model. It was speculated that one of those patients was
separating due to therapeutic background. Two patients however, were
hypothesised to outlie as they were the patients with the more advanced stage.
For further use of this platform as screening, it will be necessary to consider,
along with age and absence of other diseases, a similarity in the treatment

strategies.

6.2 Ongoing work

Although future considerations have been stated for each chapter, here ongoing
preliminary work is presented to indicate some steps considered in the project

continuation.

6.2.1 Development of MS imaging method to evaluate 3D models
of invasion

6.2.1.1 Introduction and aim

Mass spectrometry imaging (MSI) is a powerful high-throughput technique that
enables identification of spatial information about molecules via an unlabelled
approach (Buchberger et al.,, 2018). Enzymatic digestion for the bottom-up
analysis of proteins can be performed by using a deposition method that
maintains the analytes localisation on the tissue, such as spraying or sublimation
techniques (Huizing et al., 2019). Collagens present in the ECM are however
hard to detect with MALDI-MSI, due to post-translational modifications, which limit
the exposure of trypsin cleavage which is the most frequently used enzyme.
Recently, the combination of different enzymes revealed an increase in the
sensitivity of MALDI-MSI to ECM detection including collagens (Clift et al., 2021).
Here, optimisation of a MALDI-MSI method for the analysis of peptides in the 3D

model of invasion was attempted.
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6.2.1.2 Methods

For a preliminary observation of the feasible methods for MALDI-MSI analysis of
the 3D model, two enzymatic digestions, two spraying technigues and two
instruments were compared. The 3D models were processed according to
Section 3.2.5.1.

Method 1. Trypsin in 20 pg/mL in 50 mM ammonium bicarbonate was deposited
with SunCollect (SunChrom, Germany). Twelve layers of trypsin were deposited
at a flow rate of 2 pl/min. The samples were placed in a humidity chamber at 39°C
ON. Digestions were stopped with deposition of a-CHCA matrix. Five mg/ml of a-
CHCA in 70:30 acetonitrile:H20 with 0.4% v/v of TFA was deposited with
SunCollect (6 layers at 4 pl/min). Tryptic digested samples were analysed with
Synapt G2 in positive ion mode at a range of m/z 800 to 3000 (resolution 10 000
fwhm) and spatial resolution of 50 pm, without ion mobility function and

elaborated with HDI software (Waters Corporation, Manchester, UK).

Method 2. COLase Il 100 pg/ml was deposited with HTX M3+ Sprayer™ (HTX
Technologies, US) following the parameter found in literature (45°C, 10 psi, 25
pML/min, 1200 m/s, and 15 passes with a 3.0 mm offset) (Clift et al., 2021). The
samples were placed in a humidity chamber at 39 °C ON. Digestions were
stopped with deposition of a-CHCA matrix. Five mg/ml of the same a-CHCA
solution was sprayed with HTX M3+ Sprayer™ (77°C, 10 psi, 100uL/min, 1300
m/s, and 10 passes, 2.5 mm offset). Samples digested with COLase Il were
analysed with MALDI MRT in positive ion mode, spatial resolution of 20 pm.

6.2.1.3 Results

MALDI-MSI analysis of tryptic peptides conducted with Synapt G2 were able to
show m/z signals previously found in literature, signals observed were m/z
898.5329 and m/z 1105.6004, which are putatively identified as collagen a
precursor (Figure 6.1B) (Groseclose et al., 2008). Average spectra maximum
relative intensity was 120000. Analysis of samples digested with COLase 11l could
not be performed due to the lack of matrix deposited onto the samples (Figure
6.1D).
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Figure 6.1. Preliminary optimisation of MALDI-MSI for 3D model of invasion. (A)
Representative H&E image of the 3D model. (B) Representative m/z signals found in the 3D
model after tryptic digestion. Arbitrary colours: red = m/z 898.5329; yellow = m/z 1105.6004. (C)
Average spectra of tryptic peptides analysed with Synapt G2. D) Picture representing issues with
co-crystalisation post matrix a-CHCA deposition with M3+ HTX sprayer™ resulting in

heterogeneous coverage.

6.2.1.4 Discussion
MALDI-MSI was attempted to identify ECM proteins in the 3D model of invasion.

Low intensity spectra were obtained through trypsin digestion and m/z could be
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putatively identified and localised within the tissue. Spatial resolution with Synapt
G2 is however limited to 50 um, thus it was not possible to obtain spatial

information on the different areas of the 3D model of invasion.

It was not possible to obtain MSI analysis with MALDI-MRT. This was probably
due to the spraying technique employed for the deposition of the matrix. The
matrix deposited on the tissue allows the extraction of peptides and a good
balance of matrix deposition is essential to avoid ion suppression. Number of
sprayed layers, velocity of the spraying flows are all features that need to be
considered when optimising the spraying method (Huizing et al., 2019). This is
essential to find the right balance of matrix requested to extract peptides.
However, many spraying methods have been attempted, but none of them
succeeded in covering the 3D model. This indicated that the combination of FFPE
processing of the models and the condensed collagen matrix created a surface

which was insensitive to the finer spraying of the HTX Sprayer™.

6.2.2 Comparison of levels of collagens in plasmaand in lung 3D
model

6.2.2.1 Introduction and aim

The main aim in the continuous development of in vitro 3D models is to obtain
biologically relevant representations of in vivo diseases and events. Levels of
collagen expression in plasma can indicate the grade of matrix degradation in the
tissues and ECM remodelling (Kehlet et al., 2016; Lipton et al., 2018). Comparing
levels of analytes present in the blood to the levels released by 3D culture can
offer a validation of the established in vitro settings. Here, the levels of collagen
found in the supernatant of the lung 3D models after the treatment with SW480

and SW620 EVs were compared to plasma levels found in CRC patients.

6.2.2.2 Methods
Plasma from CRC patients and HC from Section 5.3.8 was analysed for collagen
[, VI, XI. The dot blot method is described in Section 3.2.7.

6.2.2.3 Results
No significant differences were identified in the collagen levels in the plasma
between the different patient groups. A small decrease was observed in the late-

stage patients for collagen Il and VI (Figure 6.2 Bii, Cii).
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Figure 6.2. Comparison of collagen levels in lung 3D model and patient plasma. (A)
Collagen type Il expression; (i) in lung 3D. Mean + SEM (n = 2), (ii) in plasma. Median + 95% ClI
(n=6); Kruskal-Wallis. (B) Collagen type VI expression; (i) in lung 3D. Mean + SEM (n 2 2), (ii) in
plasma. Mean + SEM (n=6); ANOVA. (C) Collagen type Xl expression; (i) in lung 3D. Mean =
SEM (n = 2), (ii) in plasma. Median £ 95% CI (n=6); Kruskal-Wallis.

6.2.2.4 Discussion

Collagen levels in the supernatant deriving from the lung 3D model treated with
CRC EVs (Section 3.4.3) were aligned to the expression in the plasma deriving
from CRC patients, to evaluate whether similar patterns could be observed.
Collagen type Il is the most abundantly found in blood from cancer patients and
it has been previously associated to fibrotic events in solid tumours (Willumsen
et al., 2022). Similarly, collagen VI fragments were observed increased in serum
from CRC patients compared to HC (Qiao et al., 2015). Although collagen Xl is
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being considered a potential novel cancer biomarker, blood levels have yet to be

fully evaluated.

In general, no significant differences were observed in the serum deriving from
patients and HCs apart from a small decrease was observed in late-stage
patients for both collagen 1l and VI compared to HC. Whether the decrease found
in the 3D models after SW620 invasion and the decrease found in the plasma
can be consequences of the same mechanisms is unclear, since increased
collagen levels in plasma is generally associated to higher ECM turnover and
degradation in cancer tissues. Overall, increasing the number of patients might
help to clarify the involvement of EVs in ECM remodelling and in determining
whether the changes of collagens in the 3D model can be reflected in the blood

levels of CRC patients.
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6.3 Concluding remarks

In vitro models have the potential to uncover the underlying processes of cancer
development and metastasis, as well as aiding in the discovery of novel
biomarkers. In this project, the organotypic models developed for the evaluation
of EV bioactivities in the TME crosstalk provided novel biological information on
cancer progression and metastasis. The 3D model of cancer invasion provided a
semi-quantifiable system to investigate patterns of CRC invasion and
demonstrated that CRC EVs increase cancer cell invasion in a stage-dependent
manner. The 3D model of lung metastasis confirmed the role of CRC EVs in
activation of TME cells, including CAFs and endothelial cells. Further optimisation
to improve the stability of the 3D models could be implemented to explore long-
term EV-driven alterations of the TME. Furthermore, preliminary proteomic
analysis suggested the feasibility of high-throughput screening methods, such as
unlabelled mass spectrometry, to investigate the proteomics of the organotypic
models. Finally, the information on EV alterations provided by the development
of the 3D models was leveraged to establish a preliminary screening platform
based on cell responses to EVs. Taken together, these results provide a new
perspective in the investigation of EVs as cancer biomarkers and in the
development of screening technologies to support cancer diagnosis and

prognosis.
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7 Appendix

7.1 Supplementary data
7.1.1 Cytokine array on SW480

CTRL SW620 Fold change
R1 R2 R1 R2 R1 R2

Adiposin 0.02235 | 0.01255 | 0.029452 | 0.009858 | 1.3177 | 0.7854
BCAM 0.0359 0.01465 | 0.048402 | 0.015765 | 1.3482 1.0760
CD30 0.01625 | 0.00818 | 0.025596 | 0.006166 | 1.5751 | 0.7537
CD40 0.01105 | 0.00688 | 0.018229 | 0.005707 | 1.6493 | 0.8288
Fcr RIIB/C 0.0121 0.00607 | 0.017958 | 0.006119 | 1.4841 1.0072
Ferritin 0.06415 | 0.0769 0.064236 | 0.051543 | 1.0013 | 0.6702
FLRG 0.02005 | 0.01325 | 0.02092 | 0.008877 | 1.0433 | 0.6699
Follistatin 0.03315 | 0.0225 0.042249 | 0.017082 | 1.2744 0.7592
Furin 0.02215 | 0.00942 | 0.012626 | 0.009391 | 0.5700 0.9963
Galectin-7 0.00626 | 0.00367 | 0.00594 0.003255 | 0.9480 0.8869
GDF-15 0.226 0.13 0.559494 | 0.222234 | 2.475 1.7094
Growth 0.0195 0.01004 | 0.026826 | 0.010241 | 1.3756 1.0194
Hormone

IL-10R a 0.0289 0.01405 | 0.042332 | 0.014787 | 1.4647 1.0524
IL-22 0.0187 0.00929 | 0.025924 | 0.009688 | 1.3863 1.0428
IL-28A 0.00946 | 0.00522 | 0.020264 | 0.005099 | 2.1420 0.9758
IL-29 0.0277 0.0133 0.049715 | 0.015042 | 1.7947 1.1309
IL-31 0.01305 | 0.00827 | 0.020756 | 0.007491 | 1.5904 | 0.9058
Insulin 0.0086 0.00440 | 0.014061 | 0.004967 | 1.635 1.1276
Luteinizing 0.0194 0.01012 | 0.02133 0.011261 | 1.0994 1.1126
Hormone

LIMPII 0.00671 | 0.00338 | 0.006465 | 0.009255 | 0.9634 | 2.7381
LYVE-1 0.0158 0.00859 | 0.007786 | 0.00583 0.4927 | 0.6786
Maraspin 0.0106 0.00589 | 0.013077 | 0.004742 | 1.2336 | 0.8050
MICA 0.03185 | 0.017 0.037983 | 0.018144 | 1.1925 1.0673
MICB 0 0 0.000281 | O 0 0
MMP-2 0.0155 0.00774 | 0.025842 | 0.008923 | 1.6672 1.1528
MMP-7 0.014 0.00711 | 0.033389 | 0.007377 | 2.3849 1.0368
MMP-8 0.0123 0.00565 | 0.023299 | 0.00546 1.8942 0.9664
MMP-10 0.0268 0.01265 | 0.050864 | 0.013258 | 1.8978 1.0480
NCAM-1 0.046 0.01735 | 0.0781 0.024178 | 1.6978 1.3935
Nidogen-1 0.1495 0.0815 0.379012 | 0.10878 2.5351 1.3347
NrCAM 0.0305 0.01535 | 0.038065 | 0.013555 | 1.2480 0.8830

181




NRG1-B1 0.02385 [0.01525 [0.02699 [0.013725 | 1.1316 | 0.9
Osteopontin 0.01625 | 0.00947 | 0.007679 | 0.007173 | 0.4725 | 0.7570
PAII 0.232 0.1485 | 0.255136 | 0.161895 | 1.0997 | 1.0901
Platelet Factor | 0.01785 | 0.00811 | 0.02658 | 0.007678 | 1.4890 | 0.9461
4
PSA-total 0.01245 | 0.00645 | 0.017966 | 0.004547 | 1.4430 | 0.7049
RAGE 0.01115 | 0.00530 | 0.014972 | 0.004781 | 1.3427 | 0.9011
RANK 0.00649 | 0.00270 | 0.009664 | 0.003837 | 1.4879 | 1.4184
Resistin 0.00062 |0 0 0.000134 | 0 1.5845
SAA 0.01875 | 0.00856 | 0.029288 | 0.007292 | 1.562 0.8513
Siglec-9 0.019 0.00936 | 0.037491 | 0.006777 | 1.9732 | 0.7237
TACE 0.0241 | 0.01185 |0.035194 | 0.011218 | 1.4603 | 0.9466
TIM-1 0.01155 | 0.00595 | 0.014767 | 0.006646 | 1.2785 | 1.1160
TRAIL R2 0.0182 | 0.00985 | 0.023135 | 0.010071 | 1.2711 | 1.0223
Trappin-2 0.0106 | 0.00915 | 0.00617 | 0.006697 | 0.5820 | 0.7314
TREM-1 0.0145 | 0.00906 | 0.02174 | 0.008108 | 1.49931 | 0.8948
TSH 0.02905 | 0.01455 | 0.041921 | 0.017167 | 1.44306 | 1.1798
TSLP 0.0123 | 0.00695 | 0.012199 | 0.006913 | 0.9917 | 0.9940
VCAM-1 0.01255 | 0.00717 | 0.011239 | 0.006183 | 0.89553 | 0.8622
VEGF-C 0.01465 | 0.00931 | 0.012167 | 0.007513 | 0.8304 | 0.8069
XEADR 0.02665 | 0.01415 | 0.023299 | 0.01092 | 0.8742 | 0.7717
7.1.2 Cytokine array on MRC5

CTRL SW620 Fold change

R1 R2 R1 R2 R1 R2
ENA-78 0.101 0.0182 | 0.110055 | 0.029407 | 1.0896 1.6158
GCSF 0.0107 | 0.00169 | 0.007956 | 0.006023 | 0.7435 3.5639
GM-CSF 0.0065 |0 0.005828 | 0 0.8857 0
GRO 0.109 0.0114 | 0.088177 | 0.013741 | 0.8100 1.2053
GRO-a 0.0573 | 0.0143 | 0.050785 | 0.010222 | 0.8863 0.7148
1-309 0.0318 | 0.00645 | 0.022674 | 0.006254 | 0.7130 0.9696
IL-1a 0.0383 | 0.00203 | 0.030166 | 0.00967 0.7876 47635
IL-1B 0.0727 | 0.00755 | 0.0661 | 0.022216 | 0.9092 2.9425
IL-2 0.0161 | 0.00127 | 0.012928 | 0.009066 | 0.8029 7.1385
IL-3 0.0677 | 0.00488 | 0.088177 | 0.031462 | 1.3024 6.4471
IL-4 0.0266 | 0.00301 | 0.025923 | 0.007949 | 0.9745 2.6408
IL-5 0.0229 |0 0.019558 | 0.003942 | 0.8540 0
IL-6 0.957 0.0198 | 1.200002 | 0.030435 | 1.2539 1.5371
IL-7 0.00391 |0 0.002446 | 0.001913 | 0 0
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IL-8 0.568 0.0925 0.5642 0.25298 0.9933 2.7349
IL-10 0.0571 0.00944 | 0.0541 0.004867 0.9474 0.5155
IL-12 0.0617 0.0278 0.059403 | 0.014254 0.9627 0.5127
IL-13 0.0478 0 0.047536 | 0.000119 0.9944 0
IL-15 0.0426 0.00787 | 0.050387 | 0.018749 1.1827 2.3823
IFN-y 0.0666 0.011 0.078895 | 0.027738 1.1846 2.5216
MCP-1 1.22 0.213 1.538124 | 0.602272 1.2607 2.8275
MCP-2 0.0258 0.00504 | 0.030961 | 0.011069 1.2000 2.1962
MCP-3 0.0324 0.00613 | 0.041304 | 0.006883 1.2748 1.1228
MCSF 0.0955 0.0164 0.104752 | 0.03159 1.0968 1.9262
MDC 0.0583 0.00999 | 0.069613 | 0.020161 1.1940 2.0181
MIG 0.0811 0.00461 | 0.052243 | 0.023115 0.6441 5.0140
MIP-1b 0.141 0.0353 0.131934 | 0.015282 0.9357 0.4329
MIP-18 0.046 0.00665 | 0.033083 | 0.010196 0.7191 1.5332
RANTES 0.104 0.0115 0.096133 | 0.023243 0.9243 2.0211
SCF 0.0534 0.00811 | 0.043624 | 0.018492 0.8169 2.2801
SDF-1 0.0574 0.0115 0.045216 | 0.068317 0.7877 5.9406
TARC 0.0491 0.00593 | 0.067624 | 0.015667 1.3772 2.6419
TGF-B1 0.0115 0.00074 | 0.017768 | 0.013741 1.5450 18.4690
TNF-a 0.0585 0.00862 | 0.053635 | 0.017978 0.9168 2.0856
TNF-B 0.0401 0.00673 | 0.033348 | 0.014254 0.8316 2.1179
EGF 0.0888 0.015 0.092155 | 0.029407 1.0377 1.9604
IGF-1 0.218 0.0278 0.129945 | 0.060356 0.5960 2.1710
Angiogenin 0.438 0.0596 0.424973 | 0.053036 0.9702 0.8898
Oncostatin M 0.143 0.0216 0.116685 | 0.037112 0.8159 1.7181
Thrombopoietin | 0.0578 0.0087 0.034608 | 0.014254 0.5987 1.6383
VEGF 0.0827 0.0128 0.066961 | 0.024784 0.8096 1.9362
PDGF-BB 0.0451 0.00753 | 0.040972 | 0.014254 0.9084 1.8929
Leptin 0.0824 0.0074 0.076243 | 0.017721 0.9252 2.3947
BDNF 0.507 0.0526 0.716023 | 0.086553 1.4122 1.6454
BLC 0.0456 0.0078 0.03368 | 0.018364 0.7385 2.3543
Ck B 8-1 0.0822 0.0129 0.074254 | 0.024528 0.9033 1.9013
Eotaxin 0.0552 0.0185 0.065039 | 0.022344 1.1782 1.2077
Eotaxin-2 0.0641 0.0341 0.048066 | 0.017336 0.7498 0.5083
Eotaxin-3 0.0385 0.0117 0.033348 | 0.010338 0.8661 0.8835
FGF-4 0.0543 0.0115 0.042961 | 0.018235 0.7911 1.5856
FGF-6 0.0849 0.0179 0.057547 | 0.023243 0.6778 1.2984
FGF-7 0.0631 0.00335 | 0.043492 | 0.009451 0.6892 2.8211
FGF-9 0.102 0.0208 0.086851 | 0.037112 0.8514 1.7842
Flt-3 Ligand 0.0585 0.0106 0.044221 | 0.011776 0.7559 1.1109
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Fractalkine 0.0476 0.0105 0.046541 | 0.022601 0.9777 2.1524
GCP-2 0.0573 0.0127 0.050718 | 0.019391 0.8851 1.5268
GDNF 0.0928 0.0149 0.093481 | 0.025812 1.0073 1.7323
HGF 1.95 0.401 1.809947 | 0.395522 0.9281 0.9863
IGFBP-1 0.0752 0.0105 0.055823 | 0.015153 0.7423 1.4431
IGFBP-2 0.131 0.0261 0.082873 | 0.029022 0.6326 1.1119
IGFBP-3 0.0745 0.0109 0.066961 | 0.012649 0.8988 1.1604
IGFBP-4 0.0843 0.0109 0.071602 | 0.009015 0.8493 0.8270
IL-16 0.0964 0.0155 0.071602 | 0.01618 0.7427 1.0438
IP-10 0.118 0.0244 0.099448 | 0.01862 0.8427 0.7631
LIF 0.143 0.02 0.099448 | 0.017336 0.6954 0.8668
LIGHT 0.0773 0.0216 0.065702 | 0.020547 0.8499 0.9512
MCP-4 0.0404 0.00806 | 0.036995 | 0.007641 0.9157 0.9480
MIF 0.0714 0.0139 0.055293 | 0.013355 0.7744 0.9607
MIP-3a 0.0612 0.0119 0.019558 | 0.010736 0.3195 0.9021
NAP-2 0.192 0.014 0.081547 | 0.011994 0.4247 0.8567
NT-3 0.156 0.0135 0.07558 | 0.013741 0.4844 1.0178
NT-4 0.0849 0.00972 | 0.066298 | 0.008578 0.7808 0.8825
Osteopontin 0.132 0.0168 0.08884 | 0.007243 0.6730 0.4311
Osteoprotegerin 2.74 0.593 2.333705 | 0.410932 0.8517 0.6929
PARC 0.0929 0.0112 0.06358 | 0.005252 0.6843 0.4689
PIGF 0.075 0.00888 | 0.051514 | 0.006151 0.6868 0.6926
TGF-B2 0.0448 0.00112 | 0.028044 | 0.001926 0.6259 1.7196
TGF-B3 0.0856 0.0108 0.056884 | 0.006036 0.6645 0.5588
TIMP-1 1.69 0.559 1.206631 | 0.308199 0.7139 0.5513
TIMP-2 25 0.00737 | 1.770168 | 0.007975 0.7080 1.0820
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7.2 Publications and presentations

7.2.1 Published papers

Tempest, R., Guarnerio, S., Maani, R., Cooper, J., & Peake, N. (2021). The
Biological and Biomechanical Role of Transglutaminase-2 in the Tumour
Microenvironment. Cancers, 13(11), 2788.
https://doi.org/10.3390/cancers13112788

7.2.2 Oral presentations

Responses to EVs as screening biomarkers for CRC. UKEV, Edinburgh,
Scotland, UK (2022). Awarded 2"? best talk.

MALDI-MS Imaging to analyse 3D models of bowel cancer invasion and
metastasis. Workshop of the Liver Regenerative Medicine Network, Online
(2020).

7.2.3 Poster presentations

Extracellular vesicles: small packages with a big role in bowel cancer metastasis.
Winter Poster, Sheffield Hallam University (2019). Awarded Best Poster by the
public vote.

Characterisation of a 3D model of invasive colorectal cancer. Winter Poster,
Sheffield Hallam University, Sheffield, UK (2020).

Development of 3D model of lung for the analysis and imaging of colorectal
cancer invasiveness and stromal alterations. BioMedENG, The University of
Sheffield, Sheffield, UK (2021).

Development of 3D model of lung for the analysis and imaging of colorectal
cancer invasiveness and stromal alterations. Winter Poster, Sheffield Hallam
University, Sheffield, UK (2021).

Colorectal cancer derived EVs drive invasion and tumour microenvironment

remodelling in a 3D organotypic culture model. ISEV 2022, Lyon, France (2022).

Responses to EVs as biomarkers for colorectal cancer. Winter Poster, Sheffield
Hallam University, Sheffield, UK (2022). Awarded 3’ Best Poster.
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7.3 Ethics approval letter

Ymchwil lechyd

a Gofal Cymru m
Health and Care Health Research
Research Wales Authority

Dr Nick Peake

Senior Lecturer Email: approvals@hra.nhs.uk
Sheffield Hallam University o
Biomolecular Research Centre

Faculty of Health & Wellbeing

Howard Street, Sheffield

S11WB

20 May 2020

Dear Dr Peake

HRA and Health and Care
Research Wales (HCRW)

Approval Letter

Study title: Extracellular vesicles - key mediators and potential
biomarkers in colorectal cancer patients.

IRAS project ID: 244453

REC reference: 19/NI/0221

Sponsor Sheffield Teaching Hospitals NHS FT

| am pleased to confirm that HRA and Health and Care Research Wales {HCRW) Approval

has been given for the above referenced study, on the basis described in the application form,
protocol, supporting documentation and any clarifications received. You should not expect to
receive anything further relating to this application.

Please now work with participating NHS organisations to confirm capacity and capability, in
line with the instructions provided in the “Information to support study set up” section towards
the end of this letter.

How should | work with participating NHS/HSC organisations in Northern Ireland and
Scotland?

HRA and HCRW Approval does not apply to NHS/HSC organisations within Northern Ireland
and Scotland.

If you indicated in your IRAS form that you do have participating organisations in either of
these devolved administrations, the final document set and the study wide governance report
(including this letter) have been sent to the coordinating centre of each participating nation.
The relevant national coordinating function/s will contact you as appropriate.
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Please see IRAS Help for information on working with NHS/HSC organisations in Northern
Ireland and Scotland.

How should | work with participating non-NHS organisations?
HRA and HCRW Approval does not apply to non-NHS organisations. You should work with
your non-NHS organisations to obtain local agreement in accordance with their procedures.

What are my notification responsibilities during the study?

The standard conditions document “After Ethical Review — guidance for sponsors and
investigators”, issued with your REC favourable opinion, gives detailed guidance on reporting
expectations for studies, including:

e Registration of research

o Notifying amendments

¢ Notifying the end of the study
The HRA website also provides guidance on these topics, and is updated in the light of
changes in reporting expectations or procedures.

Who should | contact for further information?
Please do not hesitate to contact me for assistance with this application. My contact details
are below.

Your IRAS project ID is 244453. Please quote this on all correspondence.
Yours sincerely,
Helen Poole

Approvals Specialist

Email: approvals@hra.nhs.uk
Copy to: Dr Modhumita Harris, Sheffield Teaching Hospitals NHS FT
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