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Summary

Recently, three-dimensional (3D) tumour models mimicking the tumour microenvironment and
reducing the use of experimental animals have been developed generating great interest to appraise
tumour response to treatment strategies in cancer therapy. As tumours have distinct mechanics
compared to normal tissues, biomaterials have also been utilized in 3D culture to model the
mechanical properties of the tumour microenvironment, and to study the effects of extracellular
matrix (ECM) mechanics on tumour development and progression. Mechanical cues regulate
various cell behaviours through mechanotransduction, including proliferation, migration, and
differentiation. In the context of cancer, both stromal cells (cancer associated fibroblasts) and
tumour cells remodel the ECM and change its mechanical properties, and the altered mechanical

niche in turn is likely to influence tumour progression.

In this study, bovine derived collagen type | and Jellyfish derived marine collagen sources, were
tested as biomaterial candidates for cancer studies, moulded to porous scaffolds with tuneable
mechanical properties. The resulting interconnected network of collagen fibre constructs,
fabricated using lyophilisation provide good control of scaffolding architecture, pore sizes range,
high porosity levels, high level of cell viability and low production cost. Importantly these sponge
scaffolds were, in the form of 3D models, compatible with a host of cellular and molecular biology
assays used to investigate mechanical and biological effects of collagen crosslinking and

(hyaluronic acid) HA inclusion on both fibroblasts and ovarian cancer cells.

Stromal cells and cancer cells respond differently to the altered stiffness of their local
microenvironment. Fibroblasts, once activated with TGFB1, converge toward a ‘senescent-like
phenotype’, blocking migration and matrix remodelling and promote tumour progression,
probably through the secretion of tumour-promoting signals, in stiffer mechanical environments.
Cancer cells, of both epithelial and mesenchymal phenotype, respond to increased local matrix
stiffness by increasing proliferation while, at the same time, becoming more susceptible to
treatment. Mechanically informative scaffolds resemble the physical characteristics of both normal
and pathological ovarian tissue mechanics, where ovarian cancer originates. Physical changes

observed in the later stage of ovarian cancer disease progression may therefore be fundamental for
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the increased cancer proliferation that drives metastatic progression, however opening an
interesting window for cancer treatment. Bio-physical inclusive models not only lead the path to
unveil complex interactions of biophysical and biological signals in the tumour microenvironment,
but they represent a highly informative and effective platform to test novel target therapies with
effective costs and high throughput. They can accommodate coculture systems and potentially
patients-derived cell cultures, providing a platform to test current and new drugs and to evaluate

drug efficacy following a precision medicine approach.
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1.1 Matrisome - ECM signature(s) in cancer progression

Often referred to as the ‘matrisome’ and synthesized by cells within a given tissue [2, 3], the
extracellular matrix (ECM), is a complex meshwork of proteins and is a fundamental component
of multicellular organisms. In a three-dimensional architectural scaffold, the ECM defines tissue
boundaries as well as their biochemical and biomechanical properties, linked to regulating
development processes such as stem cell niche formations, cellular migration, polarity and axonal
projections [4], morphogenesis and maintenance of tissue homeostasis [5]. By binding
morphogens and growth factors [6], the ECM also serves as a reservoir for the creation of
concentration gradients for haptotactic migration [7] or pattern formation [8, 9]. Acting as an
adhesive substrate for cell attachment and migration, ECM proteins also provide biochemical cues
interpreted by cell surface receptors such as the integrins [6], and initiate signalling cascades

shown to control cell survival, proliferation, differentiation, and stem cell state [7, 8].

The diversity and functional importance of the ECM is highlighted by the occurrence of numerous
genetic and acquired connective tissue disorders, where mutations in individual ECM genes are
causes of musculoskeletal, cardio-vascular, renal, ocular and skin diseases [10]. Not only aberrant
ECM secretion has been shown to interfere with tissue homeostasis, but also the way ECM is
dynamically remodelled. Indeed ECM remodelling is essential in physiological processes such as
angiogenesis and gland branching morphogenesis, wound healing, as well as being included as a
hallmark of cancer invasion and fibrosis [11, 12], where excessive deposition or, conversely,
destruction of the ECM is known to occur [13]. Excess ECM breakdown leads to tissue destruction,
impairing ECM architectural integrity and homeostasis. On the other hand, excessive ECM
manufacturing and deposition, mainly occurring in chronic or severe tissue injuries, can lead to
fibrosis if it’s not balanced by ECM degradation [14]. Other diseases include chronic obstructive
pulmonary disease, pancreatic ductal adenocarcinoma, spinal cord injury, progression and
metastasis of breast cancer, and neurodegenerative conditions in the brain such as Alzheimer's
disease [12]. ECM hardening or desmoplasia, alongside aberrant remodelling, has been shown to

play a role in disease development.
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Desmoplasia (growth of fibrous or connective tissue) may occur around a neoplasm, causing dense
fibrosis around the tumour. This ‘scar-tissue’ formation, mainly driven by stromal cells, has been
shown to promote tumour progression and dissemination, and has been utilised by pathologists as
a marker of poor prognosis - even long before the composition and the complexity of the ECM
were uncovered [15, 16]. Directly related to this, the tumour microenvironment (TME) has
emerged as a key player in the development of chemoresistance during malignant progression,
thereby influencing the development of novel therapies in clinical oncology [17, 18]. As a result,
characterizing and modelling the global composition of the normal and diseased tissues matrisome

has led to important discoveries [4].

Even if, mostly due to insolubility, the biochemistry of ECM is challenging, the availability of
complete genome sequences coupled with extensive literature starting from the 1980s on ECM
proteins, now makes it possible to construct a reasonably complete list of ECM proteins [19]. The
core matrisome comprises ECM glycoproteins, collagens and proteoglycans (almost 300 proteins,
including 43 collagen subunits, three dozen or so proteoglycans, and around 200 glycoproteins)
while matrisome-associated proteins include ECM-affiliated proteins, ECM regulators and
secreted factors (mucins, secreted C-type lectins, galectins, semaphorins, and plexins, proteases,
or enzymes involved in cross-linking, or growth factors and cytokines) [19]. In the following
sections, the fundamental nature of the ECM in regulation of normal tissues homeostasis is
described alongside the causes and effects of ECM dysregulation during disease onset and

progression, especially in the cancer context.

1.1.1 Stromal cells, the biochemical and biophysical modifiers of the ECM

Fibroblasts are a heterogeneous cell population found in connective tissue(s) and are the principal
cellular component of the stroma [20, 21]. Genome-wide expression patterns of 50 human
fibroblast cultures, isolated from 16 different sites, showed that gene-expression patterns among
fibroblast populations from distinct anatomical sites are very divergent, resulting in the specific
secretion of extracellular matrix (ECM) constituents, growth factors or differentiation factors [22].

Indeed, stromal fibroblasts are the main contributors to ECM secretion (elastin, collagens,
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glycoproteins, glycosamminoglycans), while coordinating the structural organization and thus
mechanical properties of tissues and supporting other tissue-resident cell types [23]. Furthermore,
they can remodel and degrade matrix secreting enzymes such as the matrix metalloproteinase
family [24, 25]. Currently the lack of a reliable and specific fibroblast molecular markers is a
limiting factor in studying these fibroblast populations in vivo [1]. Some of the well-established

indicators of fibroblast phenotype are listed in Table 1; as reported - some demonstrate the

common genes associated with varying fibroblast populations.

Table 1.1 Fibroblast phenotype markers (adapted from [1]).

Marker Function Fibroblast Other cell | Reference
type type
Vimentin Intermediate- Miscellaneous Endothelial cells, [26-28]
filament-associate EMT cancer cells
and
protein neurons
a-Smooth-muscle- Intermediate- Miscellaneous Vascular smooth [29_3 1]
actin filament-associate mu_scle cells,
pericytes and
protein myoepithelial
cells
Desmin Intermediate- Skin fibroblasts Muscle cells and [32, 33]
. . vascular
filament-associate
smooth muscle cells
protein
Fibroblast- Serine protease Activated Activated [34, 35]
S . fibroblasts
activation protein melanocytes
(FAP)
alpl integrin Collagen receptor Miscellaneous Monocytes and [36_38]
endothelial
cells
Discoidin-domain Collagen receptor Cardiac fibroblasts Endothelial cells [39, 40]
receptor 2

Fibroblasts are central players in both physiological and pathological matrix turnover,
orchestrating healthy tissue structure and function while participating in tissue repair. Conversely,
fibroblast cells have been shown to assume an aberrant stimulatory role during chronic
inflammatory states, including cancer [41, 42]. In pathological conditions such as cancer or chronic

wound healing, fibroblasts in the stroma restrain tumour or regenerate the wound. In advanced
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stages those fibroblast cells are reprogrammed to support cancer growth or fail to regenerate wound
healing [43]. At this stage, fibroblasts are differentiated into myofibroblasts, mainly under
transforming growth factor-beta (TGF-B) stimulation and conditions of high tensile stress,
increasing both their ability to synthesize ECM components and their contractile capacity. Indeed,
this phenotype, characterized by the incorporation of smooth muscle a-actin within the
cytoskeletal stress fibres and an increase in the clustering of integrins at focal adhesions, is often
associated with fibrotic pathologies or aberrant wound healing. Similar activated phenotypes are
induced in fibroblasts during tumour development, in which cancer associated fibroblasts (CAFs),
regulate collagen deposition, cross-linking and force-mediated realignment of collagen fibres [1,
44].
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Figure 1.1 Parallelism in the ECM characteristic and stroma between fibrosis and cancer. Image made with
Biorender.

The ultimate effect of such stromal reprogramming on the ECM is fibrosis, which is the formation
of excess connective tissue causing stromal hardening and scar tissue, also called desmoplasia
when specifically referring to the growth of benign fibrous tissue secondary to tissue injury such
as cancer or infection [45]. Matrix stiffness, traditionally viewed as an end point of organ fibrosis,
IS now recognized as a critical regulator of tissue fibrogenesis that hijacks the normal physiologic
wound-healing program to promote organ fibrosis [46]; while in tumour a dense fibrotic stroma
could raise physical obstacles to immune cell infiltration [47] (Figure 1.1). Indeed, therapeutic
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strategies that interfere with collagen stabilization reducing ECM content and tumour stiffness
showed improved T cell migration and increased efficacy of immunotherapies using immune
checkpoint inhibitor anti-PD-1 blockade [48].

1.1.2 ECM types and involvement in tumour progression

ECM is found in 2 different forms which differ in location, function, and composition. First, the
basement membrane is a sheetlike, dense network which separates tissues into two distinct
compartments, laying underneath epithelial and endothelial cells and surround muscle, fat, and
Schwann cells [49]. The basement membrane mainly consists of collagen IV and laminins
interconnected through network-bridging proteins such as nidogen and heparan sulphate
proteoglycans (HSPGs) [50]. While cells binding to the basement membrane is fundamental for
maintaining tissue homeostasis and establishing cellular polarity [51], its remodelling is required
by malignant cells to spread into the underlying stroma and become invasive [52]. Also tumours
that metastasize at new sites must recruit a basement membrane-containing vascular supply to
expand [49].

Secondly, the interstitial matrix is a porous three-dimensional network which guarantees the
structural integrity of tissues and organs [53]. The interstitial matrix connects cells in the stroma,
modulating cell differentiation and migration, and can also be attached to the basement membrane.
Interstitial ECM is composed mainly of collagens I, 111, V, hyaluronic acid, fibronectin, elastin.
[54]. These components vary among tissues, and the interstitial ECM composition is profoundly
modified during normal tissue repair as well as during the progression of various diseases [55]. In
cancer, the interstitial ECM remodelling (deposition, modification and degradation) process
observed in both biophysical and biochemical changes has shown to influence cell signalling,

ECM stiffness, cell migration and tumour progression [56] (Figure 1.2).
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Figure 1.2. ECM remodelling in tumour progression. 1. Tumour-derived factors activate stromal cells which
differentiate into cancer-associated fibroblasts (CAFs) leading to the secretion and deposition of large amounts of
ECM components along with the cancer cells. 2. ECM-modifying enzymes such as LOX expressed by tumour cells
and CAFs cross-link and align collagen fibres, which increases matrix stiffness around the tumour, forming a physical
barrier to evade immune surveillance by T-cells. Increased matrix stiffness promotes the interaction between ECM
components and cell-surface receptors on tumour cells that trigger mechanosignalling, mediated by integrins. 3. To
sustain a tumorigenic microenvironment, tumours cells and resident immune cells secrete cytokines, chemokines and
growth factors (GFs), which differentiate and recruit bone marrow-derived cells (BMDCs). BMDCs, CAFs and
tumours cells secrete ECM-degrading proteases, including metalloproteins (MMPs). Proteolytic ECM degradation
generates bioactive matrikines and releases matrix-bound GFs. These factors induce pro-tumorigenic ECM signalling
that promote tumour proliferation, migration, invasion, and angiogenesis. These combined changes to the ECM create
a hypoxic environment. Neutrophils secrete potent MMP-9 that degrades ECM and releases matrix-bound Vascular
endothelial growth factor (VEGF) that forms a concentration gradient for new angiogenic sprouting. Image made with

Biorender.
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1.1.3 Changes in ECM composition in cancer.

Complex ECM remodelling processes change overall abundance, concentration, structure and
organisation of individual ECM components, thereby affecting the three-dimensional spatial
topology as well as biochemical and biophysical properties of the matrix around cells, and
consequently the ECM effect on cell fate [3]. The most common tumorigenic alteration of ECM
homoeostasis is an increased deposition of fibrillar collagen [57]. Collagen type I, and 11, are the
most abundant collagens of the interstitial matrix and essential for its structure [58]. Collagen I is
a fibrillar collagen with a continuous collagen domain of around 1000 amino acids comprising
Gly-X-Y repeats that form a triple helix. For example, in a murine breast cancer model, the
increased deposition of collagen I results in progression tumour formation and development of
metastasis [59], while compromising drug delivery [60] and has been observed to be linked to
cisplatin resistance in epithelial ovarian cancer (EOC) [61, 62]. Not only increased collagen
deposition, but also fibronectin, HA and tenascin C released into the interstitial matrix results in a
desmoplasia phenotype, similar to the alterations observed during organ fibrosis and in many
cancers such as pancreatic [63, 64] and breast [59, 65].

Interestingly, depending on its molecular weight HA functions as a tumour suppressor or a tumour
promoter [66]. While the expression of a unique HA with high molecular mass (HW-HA) confers
naturally tumour-resistant capabilities to the species of the naked mole rat [67], high level of low
molecular weight (LW-HA), in particular small HA oligomers, is associated with poor prognosis
in prostate, breast, colorectal and ovarian cancer [68-71]. Signalling through CD44 receptors, LW-
HA promotes pro-tumorigenic signalling cascades, migration and increases the resistance to
cellular stress [72-74]. Defined ECM protein signatures, like HA LW detection, can help
distinguish tumours from normal tissues and are linked to tumour staging and could serve as
biomarkers for early cancer detection [75] while their changes could be predictive of clinical
outcomes [76, 77].

1.1.4 Changes in ECM modification and organisation in cancer.

31



After initial synthesis, ECM proteins undergo post-translational modifications (PTMs) which
affect matrix interactions with other molecules and cellular receptors, localization within the tissue
and ECM degradation [78, 79]. Fundamental for tissue integrity is the covalent crosslinking of
collagen fibrils by extracellular enzymes lysyl oxidase (LOX) and lysyl oxidase-like (LOXL),
essential for the correct collagen fibre assembly and the increased tensile strength and stiffness
[80]. While in normal and soft tissue, they contribute to the creation of curly collagen fibres parallel
oriented to the layer of epithelium, LOX expression in tumours leads to increased cross-linking
and linearization of collagen fibres and ECM molecules, promoting tumour progression [81]. For
example, in breast cancer and in hepatocellular carcinoma (HCC), in proximity to the tumour
boundary collagen fibres are linearized, perpendicularly oriented and supportive of invasive
tumour growth [57, 82, 83]. Furthermore, other PTMs such as glycosylation are very important for
receptor functionality and ECM to cell signalling.

1.1.5 Degradation of the tumorigenic ECM.

Cleavage of ECM components is a central process during ECM remodelling and homeostasis,
regulating ECM abundance, composition and structure, while also allowing the release of
biologically active molecules (such as growth factors) [13]. The ECM can be cleaved and degraded
by families of proteases such as target-specific proteases in the form of matrix metalloproteases
(MMPs), disintegrin and metalloproteinases (ADAMS), disintegrin and metalloproteinases with
thrombospondin motifs (ADAMTS), and proteases that specifically cleave at serine, cysteine and
threonine residues [84, 85]. These proteases are secreted primarily by stromal cells, as well as by
cancer cells, indeed immunohistochemistry (IHC) analyses of invasive tumours clearly showed
high levels of MMP2, MMP9, MMP13, and MT-1 [86-88].

MMPs are thought to be the most important enzymes involved in ECM degradation. Their activity
is low in normal conditions but increased during repair or remodelling processes and in diseased
or inflamed tissue. In addition to their proteolytic actions, it is important to mention that they have
significant non-proteolytic functions that can alter tumour progression, providing binding and

signalling function in invasive cancers [52, 89]. As a consequence of both tumour and stromal-
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driven ECM degradation through proteases secretion, a progressive destruction of the normal ECM
takes place while it is replaced by tumour-derived ECM. ECM degradation then drives cancer cell
motility before ECM-bound soluble signalling molecules, such as growth factors are released,
thereby increasing their bioavailability [52]. Finally, the cleavage of long ECM components
produces bioactive, shorter fragments (usually referred as bioactive matrikines) with distinct
functions that can be pro- or anti-tumourigenic compared to the full-length ECM component (i.e.

HA LW pro-tumorigenic increases in tumour tissue) [11].

1.1.6 Mechanotransduction and extracellular matrix homeostasis

Collagen crosslinking, alignment and increased deposition, are the main factors which
significantly impact tissue mechanical properties during cancer progression, specifically
increasing matrix stiffness around the tumour. As a result of the alterations in the ECM, tumours
often are stiffer than normal tissue, a feature applied in clinical diagnosis [90, 91] and known to

promote the invasive behaviour of diseases [92] (Figure 1.3).
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Figure 1.3. Elastic moduli in healthy human tissues and tumours. (left) The ECM in the brain, lung or breast is
relatively soft (compliant; <100 Pa), whereas the ECM in tissues that are exposed to high mechanical loading such as
skeletal muscle and bone are by comparison stiff (>100 kPa). Tumours are often fibrotic, and the ECM is stiffer than
that found in a healthy tissue (~4-10 kPa). [93] (right) ECM stiffness induces cytoskeletal tension that perturbs cellular

phenotype and invasiveness. Immunofluorescence staining for F-actin, vimentin, DAPI in MCF10A acini after 14
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days in soft (top) or stiff (bottom) matrices. Quantification of invasive clusters marks an increase in invasive sites
exhibited by tumorigenic phenotype in stiff matrices [92].

Increased matrix stiffness promotes the interaction between ECM components and tumour cell-
surface receptors, leading to an altered mechanosignalling environment [94]. These biophysical
signals are mostly conveyed by membrane spanning dimers called integrin receptors, which bind
to the surrounding ECM and physically bridge them to the cell cytoskeleton, translating
mechanical signals into biochemical processes [95, 96]. In this way, focal adhesions and integrin
receptors serve as biochemical signalling hubs to initiate mechanoresponsive signalling pathways
by concentrating and directing signalling proteins involved in cell polarity, tensile strength
response, migration, and invasion [97, 98].

A second set of important players are the signalling components that regulate the assembly of these
structures, such as Rho family small GTPases and their downstream effectors such as Rho
associated protein kinase (ROCK), myosin light chain kinases, and so on [99]. Mechanical signals
transduced from the external microenvironment to the intracellular cytoskeleton can be further
transmitted into the nucleus where they can affect nuclear architecture and/or chromatin

organization, resulting in both genetic and epigenetic landscape changes [100] (Figure 1.4).
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Figure 1.4. Mechanical coupling of the extracellular matrix with the nucleus. Mechanical signals propagation

through molecular pathways inside the cytosol and nucleus. Image made with Biorender.

Analogous to focal adhesions, linkers of nucleoskeleton and cytoskeleton protein (LINC)
complexes on the nuclear membrane physically connect the cytoskeleton to the nucleoskeleton
[101, 102]. This complex comprises of two families, the KASH domain proteins (nesprins) bind
to various cytoskeletal constituents, whereas the SUN domain proteins associate with the nuclear
lamina (laminins) and nuclear pore complexes (NPCs) [103]. Laminins connect directly and
indirectly, through emerin and lamin B receptor (LBR) binding, to regulatory proteins that are
involved in chromatin modification, transcriptional regulation, and mMRNA processing, while also
binding to BAF protein (or BANF1), which binds directly to double-stranded DNA [104]. These
anchor complexes that connect the ECM to the nucleus, through the cytoskeleton, can alter the
activity of DNA regulatory complexes with consequent changes in chromatin organisation [105],

gene transcription [106], RNA splicing, or chromatin modification [104, 107].
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Fibroblasts together with smooth muscle and epithelial cells are highly sensitive to mechanical
stimuli and the mechanical properties of their matrix [108-110]. Mechanics have been shown to
influence migration, regulate cell cycle progression, control gene expression and cell fate [111-
114]. In the tumour, cancer cells recognize the increase in ECM stiffness and respond by
generating increased traction forces on their surroundings through actomyosin and cytoskeleton
contractility [115, 116], inducing oncogenic intracellular signalling to aid tumorigenesis, including
activation of FAK, AKT, B-catenin, and PI3K, and inhibition of the tumour suppressor genes
PTEN and GSK3a/p [117], which in turn result in altered regulation of proliferation, stemness and
chemoresistance [118, 119]. Furthermore, increased tumour stiffness can strongly affect inhabitant
stromal cells, activating fibroblasts to a CAF phenotype and ensuring long term maintenance via

the mechanosensitive transcription factor Yes-associated protein (YAP) [120, 121].

1.1.6 Translational applications

Remodelling of the tumour ECM impacts every stage of tumorigenesis. In line with this, targeting
the ECM component synthesis or post-translational modifications, the enzymes responsible for
ECM remodelling and the receptors that transduce their signals, may offer promising therapeutic
opportunities for many diseases [4, 122, 123]. In this context, the ECM not only represents a
potential therapeutic target but also the characterisation efforts centred on delineating ECM
composition could lead to the identification of novel biomarkers of disease. Proteolytic fragments
of ECM proteins released in body fluids could be used as readouts for disease progression or
treatment efficacy [124-126]. Indeed, as described above, matrix remodelling alters the immune
milieu by modulating differentiation, migration, infiltration and polarization of immune cells in
the TME [127], therefore identification of specific targets could help disease prognosis or the

development of novel immune biomarkers and/or a combination immunotherapy.

For example, detection of versican (VCAN) proteolysis in the TME, detected through neoepitope-
specific antibodies [128], may provide a convenient and reliable immune biomarker, as it was
proven to be strongly associated with “T-cell inflammation”, helping the selection of patients most

likely to respond to immune checkpoint inhibitors (ICI) and other immune-modulating therapies
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[129]. ECM components can also be used as therapeutic targets, for example, by using nanobody
technology, which can selectively detect these alterations in vivo and guide therapeutics to the
specific location [130], i.e. conjugating immune checkpoint antibodies or cytokines, to a matrix-
binding peptide to potentiate cancer immunotherapy decreasing systemic toxicity and prolonging
tissue retention [131-134]. The interest in the use of ECM as a therapeutic tool and its potential is

also growing.

Tissue specific ECM-based materials could also represent a promising class of naturally derived
biomaterial scaffolds to replace damaged ECM. For example, in porcine models of myocardial
infarction researchers found that injecting ECM scaffolds derived from decellularized, normal,
porcine myocardial tissue can improve cardiac function [135]. Outside of regenerative therapy,
interest in ECM characterization and investigation of cells in their 3D microenvironment milieu
have resulted in the development of various 3D platforms that could provide better in vitro tools
to study the effects of specific matrix perturbations on complex cell-cell and cell-matrix
interactions [136]. In this regard, collagen scaffolds and ECM are bridging the divide between
Tissue Engineering practices (TE) and cancer biology.

1.2 Preclinical models for stromal matrix and biophysical studies in cancer

biology

1.2.1 From 2D to 3D models

Understanding the underlying biology in tumour initiation and progression is the first step to the
successful development of new and efficient cancer diagnosis and/or therapies. To achieve this
goal, the cellular and structural complexity of the TME needs to be deconstructed into simpler and
more predictable systems, to shed light onto the role of key chemical, mechanical and/or physical
factors that might drive human pathophysiology, while helping to unveil the intricate interplay of
cellular components that orchestrate tumour survival. In order to deliver this, translational models
need to provide an environment for cancers to adopt heterogenous cellular states that represent the

disease environment, in the presence and absence of therapeutics.
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Historically, cancer research has traditionally relied on 2D culture systems [137]. However, many
experimental inconsistencies are related to this type of cell culturing, in which cells are grown in
a non-physiologically constrained condition. First, cell polarisation is a direct effect of attachment
on 2D rigid and flat substrates, with related changes in surfaces receptor orientation and clustering
[138]. This can profoundly affect not only ECM production and configuration but also how cells
perceive ECM signals with impact on downstream effect like guiding lineage outcomes [139-141].
Furthermore, the wide exchange area of cells to culture media lead to excessive nutrition and
oxygenation making it difficult, if impossible, to recreate molecular gradients [142, 143].
Unconstrained migration on 2D substrates can result in cell bioactivities that deviate appreciably
from the in vivo response, while the immortalization process, through multiple passages, can result
in the selection of cancer cells that rapidly proliferate. There is no doubt that immortalized tumour
cell lines grown in 2D culture have contributed tremendous amounts of knowledge about the
mechanism of cancer, but with a 95% drug failure rate, they have proven a poor drug development

model in preclinical studies [144, 145].

Most in vitro studies in oncology are performed in 2D and are subsequently validated in in vivo
animal models. Robust preclinical findings should represent the foundations for efficient drug
development in clinical settings, proving efficacy of new therapeutic agents at targeting specific
molecules at a concentration achievable for humans. Unfortunately, valid preclinical models are
lacking for therapy evaluation, in particular for immunotherapy and antiangiogenic agents [146].
Indeed, both established models in preclinical studies possess numerous limitations; 2D models
fail to accurately model the TME while animal models are expensive, time-consuming and can
differ considerably from humans [147, 148]. More alarming is that there is evidence of poor
reproducibility from preclinical studies with only 11% to 25% of published results could be
reproduced [149, 150].

For decades, the most basic and frequently employed mouse models used to assess tumour growth
and screen conventional chemotherapy, or candidate drugs, have been simple xenografted or
syngeneic mice. Typically, these mouse models involve subcutaneous administration of human
(xenograft) and mouse (syngeneic) tumour cells without regard to the organ of tumour origin

(heterotopic), or via implantation of tumour tissue or cells into the tissue corresponding to the site
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of the tumours origin (orthotopic). Both approaches result in lacking the broad molecular
transformation events that occur in human tumours [151]. First, the stromal component of the
tumour is not human, so drug response it’s not really reflective of the human counterpart, secondly
the growth rates of human-derived xenografts are considerably more rapid than primary tumours
so they will most likely respond to antiproliferative agents and finally, the immune system of those
animals is compromised, hindering the testing of immunomodulatory agents [144]. Other mouse
models such as genetically engineered mouse models (GEMMs) circumvent some of these
limitations as they are immune competent, but they still suffer from having rodent-derived stroma,
mouse dominated immune system and harbouring a ‘mouse’ tumour [8]. As a result, patient-
derived xenograft models (PDX) remain the strongest in vivo model for predicting drug response
in patients and to study immune-tumour interactions or the effects of immunotherapy agents [152]
even if few direct comparisons have been made of PDX and GEMM systems
regarding pharmacokinetic and pharmacodynamic (PK) modelling accuracy has demonstrated
PDX tumours may be inferior in accurately recapitulating drug PK parameters in some cancer
types [153, 154]. Overall, a key drawback of animal models is that they do not represent the
primary tumours from which they are derived in terms of tumour heterogeneity and the
mechanisms of drug resistance. To fill the gap between 2D traditional tissue culture methods and
animals’ models, development of new 3D human-based culture systems aims to closely mimic the

3D architecture of primary tumours.

Cancer research has experienced a paradigm shift during the past two decades, as a result, there
are a growing number of studies which report differences in phenotype, cellular signalling, cell
migration, and drug responses when the same cells are grown under 2D or 3D culture conditions.
Indeed, individual cells integrate many external cues — including those that arise from various
ECM components, mechanical stimulation, and soluble signals from adjacent and even distant
cells to generate a basal phenotype and respond to perturbations in their environment. A particular

challenge is the coupling of chemical and mechanical signals [155-157].
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1.2.2 Biomaterials for 3D cancer models

Significantly, 90% of cancers have an epithelial origin. A typical epithelial tissue comprises two
compartments: a continuous layer of polarized epithelial cells sited on a basement membrane a
thin, pliable sheet-like type of extracellular matrix mainly composed of type IV collagen , laminin,
heparan sulfate, entactin and fibronectin [158]; and an underlying ECM enriched stroma that

contains fibroblasts, immune cells, blood and lymphatic vessels.

The epithelial layer, strongly anchored to the basement membrane, represents a bridge between
the external environment of a lumen, duct or cyst and the stroma which interacts with it through
physical, biochemical cues and ECM components. The ECM underlying, called interstitial ECM,
it’s mainly composed by collagens, structural proteins, and proteoglycans and not only controls
the bulk and local mechanical microenvironment but act as a reservoir of a series of biomechanical

signals like growth factors, cytokines, enzymes, and other diffusible molecules.

In order to recapitulate the 3D organization and ECM of tumours, various natural and synthetic
biomaterials have been exploited [159]. In use since antiquity as prosthetics to replace damaged
tissues [160], biomaterials characterization and improving in methods of extraction and/or
synthesis [161, 162], combined with increasing knowledge of biological process are making them
transitioning from merely structural support to sophisticated devices which can impact cells signal
transduction through well-defined molecular pathways at various size scales, creating highly
defined microenvironments to direct biological responses [163]. Indeed, the same materials can
now provide both a basis for in vitro mimics of tumours to better screen therapeutic approaches
and identify new therapeutic targets, and a means to modulate the microenvironment in vivo and

direct therapeutic responses against cancerous cells and tumours.

Various natural and synthetic materials have been developed to provide architectural support to
interacting cells. Natural ECM-derived biomaterials such as collagen, laminin, HA, and
reconstituted basement membrane (rBM or Matrigel) are the most commonly used materials for
3D culture of cancer cells, presenting inherent cytocompatibility, intrinsic cell adhesion properties,

and ability to be remodelled by cells but they can hide some drawbacks like batch-to-batch
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variability, complex molecular composition, and uncontrolled degradation of these materials
[164].

In the 1970-80s, collagen was largely used as a biomaterial in many tissue applications because of
its excellent biocompatibility, low antigenicity, high biodegradability and good mechanical,
haemostatic, and cell- binding properties [165]. Collagen can be collected from various biological
sources including bovine skin, rat tail, porcine skin and human placenta [166-169], however, if
used for regenerative medicine purposes, bovine origins involve the risk of infection with diseases
such as bovine spongiform encephalopathy while porcine-derived mammalian collagen is
increasingly rejected for religious reasons [170]. To solve those issue new sources have been
explored like marine organisms [171-175]. Marine wastage accounts up to 85% by weight in the
fishing industry so, extraction of collagen from these wastes will contribute to the development of
a sustainable pipeline to obtain collagen with a significantly reduced environmental impact [176].
Marine collagens have several advantages such as excellent biocompatibility, lower zoonotic risks,
less immunological risk for patients allergic to mammalian products, and less religious restrictions
[177]. Among those, type | marine collagen extracted from jellyfish, can provide good availability
and easy handling, and it has already been used for different tissue engineering applications such
as implants [178] or to support chondrogenically stimulated hMSCs differentiation for cartilage

regeneration [170].

Aside from natural materials, synthetic ones such as poly(ethylene glycol) (PEG) and poly(lactide-
co-glycolide) (PLG) can provide precise experimental control over biochemical and mechanical
properties in modelling the tumour ECM, but they lack natural cell adhesion sites and are not
readily remodelled by cells, cell adhesion ligands and biodegradable crosslinkers are often grafted
to the polymers. For example, synthetic polymers like PEG or nanofibres scaffolds (RAD16-1)
functionalized with adhesive/recognition sites for integrin binding or protease degradation are also
useful to study the effect of tumours on ECM [179]. Another class of biomaterials that is
increasingly being used in 3D tumour models is naturally-derived polysaccharides such as alginate
and chitosan [180-182]. They have great biocompatibility and a broad range of chemical and
mechanical properties, but they also lack mammalian cell adhesion sites and often require chemical

modification to form gels with desirable physical properties.
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1.2.3 Mechano-modelling: inclusion of biophysical signals in 3D cancer systems

Dissecting the effect of biophysical signals on cancer cells during tumour development has become
the focus of many in vitro studies. The simplicity, low cost, and reproducibility of 2D models made
them the mainstay of biological research, but in vivo tissue complexity can only be approached
using 3D systems. In fact, in three dimensional systems, the mechanical properties can be tuned
so that models mimic a wide range of tissue stiffness [183-185], and crucial cellular phenotypes
linked to adhesion, spreading, and migration are not constrained to a single layer [186-188]. In 3D
systems, sequestration/gradients of soluble biomolecules can be modulated to finely control cells’
fate and differentiation [189, 190], and the ECM can be customized to more accurately reproduce
the in vivo cell experience through varying chemical and mechanical signals [191-193]. Many
processes are intrinsically tied to cell-cell and cell-matrix interactions, whether through synthesis,
degradation, directed migration, or mechanical cues, and cannot be fully reproduced in
conventional 2D cell culture [194-197], e.g., cancer metastasis or cancer-stroma interaction [198-
201].

Use of scaffold-based approaches to grow cells in a 3D environment is very common in tissue
engineering [202]. The challenges of reproducing microenvironment features in a 3D model has
fuelled the scientific community to develop a wide variety of platforms to address different levels
of complexity, e.g., cells can be seeded on pre-formed porous scaffolds/fibrous materials (obtained
by two-phase emulsion, freeze-drying, or electro-spinning techniques) or encapsulated in
biomaterials made of water-soluble polymers, called hydrogels [203-205]. Another promising
trend is the use of native ECM obtained by tissue decellularization, employed as scaffold for cell
seeding or as an additive component of 3D gels in order to mimic in vitro the ECM architecture
and chemical/biological properties [206-208]. Furthermore, tissue physiology can be reproduced
with the use of adult or pluripotent stem cell-derived organoids, which are self-organized 3D tissue
cultures crafted from stem cells to replicate part or much of the complexity of an organ; or cells
can be grown in a multi-channel 3D microfluidic cell culture chip that simulates mechanics,
activities, and physiological response of specific organs or systems. All these platforms have
different levels of complexity and can reproduce certain mechanical features from the native tissue

that will be discussed in the following sections (Figure 1.5).
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Figure 1.5. Classification of the most common cancer study models with their strengths and limitations. The

primary mechanical tests performed on each platform are reported in italics. Biological and technical characteristics

of the cancer model are highlighted. On the bottom, 3D in vitro systems cellular complexity and accessibility of

imaging and analysis. Image made with Biorender.

1.2.5 Scaffold-free 3D models

1.2.5.1 Tumour spheroids

Spheroids are 3D aggregates of a single cell type or heterogeneous cell populations [209]. Cell-
cell interactions orchestrate aggregate formation without the support of a scaffolding material

while producing their own ECM. Four major techniques are used to induce tumour spheroid
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formation in vitro: agitation-based techniques, liquid overlay techniques, hanging-drop techniques,
and microfluidic reactors [210, 211]. These cultures allow for the recapitulation of important
features of TME heterogeneity, such as oxygen gradients and immune infiltration, and they are
relatively quick and easy to establish, representing a useful tool for high throughput systems [212].
However, they can be limited in size by the lack of nutrition diffusion to cells inside the cultures

depending on the size, and the self-assembling process of cells [213, 214].

Overall, the transport of nutrients to the cells within a tissue in the body is facilitated by either
convection of blood in the vascular system and within the interstitial fluid. In avascular tissues,
like many of the 3D in vitro model developed, nutrient delivery rely on diffusion [215]. Diffusion
characteristics present a significant limitation in many engineered tissues, particularly because gas,
nutrient, and signalling molecule delivery to cells in cell cultures and tissue constructs is
paramount for an optimal development and survival of these tissues [216] and can impact cells
viability, differentiation, or function, i.e. lack of oxygen (hypoxia) [217, 218]. But oxygen
gradients and hypoxia area can be successfully used to investigate tumour cell adaptations under
hypoxia mimicking avascular tumour spaces, since both play key roles in tumour progression and
resistance to treatment [219, 220]. For example spheroids exceeding 400 um in diameter develop

a hypoxic core and activate known survival signalling pathways to maintain cell viability [221].

Spheroids can be obtained from immortal cell lines, for example adenocarcinoma tumour cell lines
(e.g., SKOV-3) and ovarian cancer metastatic cell lines (e.g., OVCAR-3) [222]. OVCAR-3 cells
were recently used to create spheroids by forced floating in ultra-low attachment plates and
hanging drop methods to perform drug response analysis with Paclitaxel, a common drug used to
treat ovarian cancer. OVCAR-3 spheroids maintained the cell density and higher apoptosis
behaviour of ovarian cancer, as well as higher resistance against Paclitaxel treatment when
compared with 2D culture, closely mimicking the in vivo response [223]. Successful spheroids can
also be generated from patient-derived tissue samples, such as 3D spheroid suspension cultures
from radical prostatectomy specimens to model organ-confined prostate cancer. Cancerous tissue
samples from radical prostatectomy specimens were excised by an uropathologist and preparation

of 3D spheroids was done by mechanical disintegration and limited enzymatic digestion followed
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by serial filtration. Spheroids formed successfully and stayed viable for up to several months

serving as an innovative in vitro model of organ-confined prostate cancer [224].

To date, many kinds of spheroids have been developed, including neurospheres, mammospheres,
hepatospheres, and embryoid bodies [225-227]. Spheroids can be easily analysed by imaging using
light fluorescence, and confocal microscopy and many other techniques are being optimized to
gain knowledge on the mechanical features of those systems. The next step forward will be to link
mechanical features of the ECM to mechanosensing pathways in the cells, and potentially
exploring the genomic, transcriptomic and epigenomic landscape affected by those changes.
Furthermore, while the generation of 3D cultures can be more labour-intensive than 2D culture,
the routine incorporation of these multi-cellular 3D spheroids into in vitro drug efficacy and
toxicity testing could effectively bridge the gap between in vitro 2D assessment and animal models
of disease, fast tracking drug screening and, hopefully, yielding more effective and less toxic drugs

as future therapies [69].

1.2.6 Scaffold-based 3D models

1.2.6.1 Hydrogels for spheroids and organoids culture

Polymeric hydrogels are the most represented materials in the regenerative medicine literature and
in terms of pharmacological applications, due to their multi-tuneable properties and structural
similarity to native ECM [228]. A hydrogel is a 3D network structure composed of cross-linked
polymer chains, which has the ability to absorb a large volume of solution. Native ECM is a
prototypical hydrogel that promotes cell viability and direct cell adhesion, differentiation,
proliferation, and migration through the controlled presentation of mechanical and biochemical
cues. Mechanical strength, nutrient transport, topography, and degradation behaviour can be tuned
using polymers with different composition, adjusting their crosslinking density and inclusion of
bioactive molecules such as cell-adhesion ligands or proteolytic degradation sites [229-232].
General advantages of hydrogel systems include the ability to present adhesive ligands to cells
either in native or modified gel, stability of the cultured cells, and the option to modify biophysical
properties (e.g., elastic modulus) [233].
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Hydrogels for cell culture can be naturally derived, including protein based (collagen, gelatin, silk
fibroin, elastin fibrin), polysaccharide based (glycosaminoglycan, alginate, chitosan), a
combination of materials like in Matrigel, or decellularized tissue derived [234]. On the other hand,
synthetic hydrogel materials comprise polyacrylamide, polyethylene glycol (PEG), polyvinyl
alcohol, and poly-2-hydroxyethyl methacrylate, and were first developed in the 1960s [235].
Naturally derived gels are biocompatible and bioactive but are hindered by inherent batch-to-batch
variability and difficulties in tuning mechanics and biochemical properties, while synthetic
hydrogels are highly reproducible and easy to manufacture, process, or tune for different
mechanical studies [236, 237]. They can be degraded by cells and allow for ECM deposition, but
as inert materials, they lack some of the native ECM complexity and biological signals, which
therefore has to be implemented in those models [238].

3D hydrogel scaffolds can also be designed as platforms for growing complex tissue structures.
Mammary-like tissues from primary patient-derived cells were grown on engineered hydrogel
scaffolds that incorporated both the protein (collagen, laminins, and fibronectin) and carbohydrate
(hyaluronan) components of human breast tissue. Cells rapidly self-organized in the absence of
stromal cells and expanded within 2 weeks to form mature tissues containing luminal, basal, and
stem cells in the correct topological orientation and also exhibited the complex ductal and lobular
morphologies observed in the human breast [239]. A standard, widely used, 3D hydrogel system
is Matrigel matrix. This platform is a BM extract (BME) consisting of collagen type 1V, laminin,
perlecan, etc. [240]. It represents an elective system to grow spheroid structures and as a medium
for organoids culture establishments for many tumours, mimicking tissue morphology and

unveiling new targets for therapy.

Organoid development was derived from the combination of engineering and biology, resulting in
a platform with elaborate conformations of cells interacting in a multi-dimensional system inspired
by the self-organizing features of an organ during development in vivo [241]. Organoid formation
requires embedding and culturing of stem cells or progenitor cells (adult-tissue-resident cells or
embryonic progenitors) in a 3D medium. The most used 3D media are Matrigel and Cultrex BME

(a laminin-rich ECM secreted by the Engelbreth-Holm-Swarm tumour line) [242]. Once the cells
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are encapsulated in the biomaterial, a cocktail of nutrient factors and signals drive the cells to
differentiate within the 3D environment, closely resembling the tissue they were derived from
[243]. This is considered to be one of the more physiologically relevant 3D culture models because
it forms according to intrinsic developmental programs, resulting in remarkable tissue morphology
fidelity; it can easily incorporate multiple cell types; and it partially recapitulates organ function
[244]. This versatile technology has led to the development of many novel human cancer models,
creating the possibility to indefinitely expand organoids starting from the tumour tissue of
individuals suffering from a range of carcinomas or using CRISPR-based gene modification to
allow the introduction of any combination of cancer gene alterations to normal organoids [245].

Organoids are powerful tools for modelling human organogenesis, homeostasis, injury repair, and
disease aetiology, but their lack of vasculature, scalability problems, and inherent unpredictability
in their self-organization processes represent some of the obstacles they face. Modelling tissue

mechanobiology in those systems is fundamental to fully recapitulate tissue features [246].

To address this feature, nanoparticles (NPs) were adopted to engineer the mechanical
microenvironment in organoids [247]. They can be dispersed in the matrix with a controlled
distribution (local or global) and affect mechanical forces, but exhibit heterogeneity in magnitude
and direction, similar to what occurs in vivo. NPs can also impose force at a cellular level after
internalization by target cells. Modulation by NPs of the mechanical stresses imposed on tissues
or cells through the control of the external activation field (electric, optical, acoustic, or magnetic)
is continuous and reversible. For example, a magnetic field can allow for the directed assembly of
gel-dispersed magnetic particles into chains, stiffening the mechanical properties of the
microenvironment (modulation of storage modulus between ~0.1 and ~80 kPa reversibly),
resulting in mesenchymal stem cells’ increased proangiogenic potential and initiation of

osteogenic signalling during early stages of culture on magnetically stiffened substrates [248].

A recent study reported that matrix stiffness has an impact on organoid growth and stem cell
signalling in intestinal organoids. The authors reported employing a synthetic scaffold design,
using a PEG backbone with a consistent and chemically defined synthetic hydrogel to allow
reversible modulation of mechanics. Higher stiffness was initially required for Y AP activation and

intestinal stem cell expansion, and subsequently reduced stiffness, thanks to hydrolytically
47



degradable polymer incorporation, was needed to alleviate the accumulation of compressive forces

and permit in vitro organogenesis [249].

In another study, intestinal stem cell colonies were encapsulated into allyl-sulphide hydrogels, and
their survival was shown to be stiffness dependent, indicating mechanosensitivity. Because
Y AP/Notch signalling are key players in colony formation and crypt maintenance, they utilized
controlled photodegradation to facilitate intestinal organoid differentiation, showing that the size
and number of intestinal crypts was dependent on the extent of matrix softening [250]. As
discussed, organoids recapitulate many structural and functional aspects of their in vivo
counterparts. This technology is unique, based on the model’s self-organizing properties, highly
similarity to — and in some cases, histologically indistinguishable from — actual human organs
[251]. Furthermore, if combined with immune cells and fibroblasts, tumour organoids can model
the cancer microenvironment, enabling immune-oncology applications. In this exciting and
evolving field, organoids can be also used to accurately predict drug responses in a personalized

treatment setting [245].

1.2.6.2 Pre-made porous scaffolds

One of the very first approaches employed in tissue engineering was seeding therapeutic cells in
pre-made porous scaffolds of biodegradable materials, and over time, researchers developed many
different types of biomaterials for multiple applications and different techniques, such as two-
phase emulsions and foams, freeze-drying or electro-spinning, and two-photon lithography [252].
In general, there are two different sources for porous scaffold biomaterials, namely natural and
synthetic. Natural biomaterials can derive from ECM allografts and xenografts, which can create
potential immunogenicity, or they can be made of organic polymers like proteins, polysaccharides,
lipids, and polynucleotides. Their high biocompatibility promotes cell adhesion and attachment
for excellent cell proliferation and survival. Interestingly, new sources of natural collagen-like
materials found in marine sources, including jellyfish R. pulmo collagen, are effective for

fabrication of 3D devices such as sponges, to mimic tissue architecture complexity for cancer
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studies [253]. On the other hand, naturally derived scaffolds’ mechanical properties are poor, so

they require the addition of synthetic materials and crosslinking for physical stabilization [254].

To this aim, synthetic biomaterials (poly(e-caprolactone) (PCL), poly(glycolic acid) (PGA),
poly(lactic acid) (PLA), and their derivatives) have been developed to overcome some natural
scaffolds’ limitations, providing tuneable and customizable biomechanical properties,
compositions, and geometry to tailor both soft and hard materials [255]. Additional coatings are
usually required on those materials to improve their biocompatibility. The scaffold-based cultures
provide a physiological context to cancer cells, addressing critical biological and mechanical cues
needed to maintain morphological and genotypic tumorigenicity. For example, a 3D micro scaffold
was realized by two-photon lithography to explore the role of f-catenin in both
mechanotransduction and tumorigenesis. This model showed that 3D microenvironments are per
se sufficient to activate B-catenin-dependent mechanosensing circuits that can boost breast cancer
cell proliferation and invasiveness. They observed that the polymeric 3D cage-like structures
initiate nuclear relocation of 3-catenin and vimentin expression in epithelial/non-invasive MCF-7
cells [256].

In another study, researchers showed that culturing breast cancer cells in 3D scaffolds that mimic
the in vivo tumour-like microenvironment enhances their metastatic potential. They used porous
PCL scaffolds of approximately modulus 7 kPa, comparable to that of breast tumour tissue, on
which MDA-MB-231 cells proliferated and formed tumoroids. Gene expression analysis revealed
that cells growing in the scaffolds expressed increased levels of genes implicated in the three major
events of metastasis (initiation, progression, and site specific colonization), including cell-cell &
cell-matrix interactions and tissue remodelling, cancer inflammation, and the PI3K/Akt, Wnt, NF-
kB, and HIF1 signalling pathways, compared to cells grown in conventional 2D tissue culture
polystyrene dishes. The cells cultured in scaffolds showed increased invasiveness and sphere

formation efficiency in vitro, and increased lung metastasis in vivo [257].

In line with the previous study, mixtures of rat tail and bovine dermal collagen type | at four
different concentrations were used to assess the impact of 3D scaffold inhomogeneities on cancer

cell invasiveness properties. Local inhomogeneities are discontinuities in the structure of the
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networks. Researchers determined the elastic modulus with AFM in combination with pore size
analysis using confocal laser scanning microscopy, which revealed distinct inhomogeneities
within collagen matrices. Invasiveness of three breast cancer cell types on those scaffolds varied
with different levels of matrix scaffold inhomogeneity, which also influenced the invasion depth
that cancer cells achieved. Together, local matrix scaffold inhomogeneity, pore size, and stiffness

of the collagen matrices can affect cell migration [258].

On the other hand, cancer cells directly affect the matrix structure. To investigate this, type-I
collagen scaffolds have been used as an in vitro 3D biomimetic model to study the effects of MDA-
MB-231 or MCF-7 breast cancer cells on matrix. MDA-MB-231, which belongs to the aggressive
basal-like subtype, increased scaffold stiffness and overexpressed the matrix-modifying enzyme,
lysyl oxidase (LOX), whereas luminal A MCF-7 cells did not significantly alter the mechanical
characteristics of extracellular collagen. Mechanical testing was performed using a loading device
built in-house to apply a state of unconfined uniaxial compression to the collagen scaffolds. When
LOX activity was blocked, the ability of MDA-MB-231 to alter scaffold stiffness was impaired.
This replicates the behaviour of in vivo orthotopic tumours generated by MDA-MB-231 in female
immunodeficient mice, which was characterized by a higher collagen content and higher LOX
levels than MCF-7 [259].

Overall matrix mechanics affect cell behaviour, but the local mechanical properties of single
fibrillar components play a dominant role in regulating cancer cells. By independently controlling
fibril diameter and intrafibrillar crosslinking of 3D collagen matrices, researchers showed how
fibril bending stiffness instructs cell behaviour of invasive and non-invasive breast cancer cells.
They reported that changing the fibril thickness or intrafibrillar crosslinking is sufficient to regulate
cell behaviour over a broad parameter range in terms of morphology, clustering, and invasiveness.
For example, higher collagen type-I fibril bending stiffness promoted a more elongated cell shape
and higher invasiveness in MDA-MB-231 while decreasing clustering but increasing invasiveness
in MCF-7 [260].

To conclude, matrix stiffness cues can be easily tuned in porous-scaffold systems, mainly by

varying crosslinking type or percentage. Overall mechanics can be analysed by rheology or
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tensile/compression testing, while AFM is easily run on the cells surface. These tests need to be
further optimized not only for dry but also wet conditions, since the final model system includes

both the scaffold’s material and cells within liquid media.

1.3 Ovarian cancer

1.3.1 Ovarian Cancer Statistics and survival rates

Ovarian cancer is the seventh most common cancer in women (and the 18th most common cancer
overall) worldwide [264]. In Europe among females, breast cancer has the highest proportion of
cancer deaths (19.3% in 45-64 and 15.1% in 65+ years), followed by lung (17.9% and 13.7%),
colorectal (9.4% and 14.5%), ovary (6.9% and 4.5%), and pancreatic (6.2% and 8.2%) cancers
[262]. In USA ovarian cancer is the second most common gynaecologic cancer and causes more
deaths than any other cancer of the female reproductive system [263]. Although ovarian cancer
may occur at any age, it is more common in patients older than 50 years [265]. The 10-year survival
is < 45% and has not improved significantly over the last 30 years [266]. Despite significant
efforts, various screening and therapeutic strategies have generally not led to improved overall
survival [267, 268].

1.3.2 Origin and disease sub-types

A major challenge to improved diagnostic and therapeutic intervention in ovarian cancer has been
a limited understanding of the natural history of the disease [269]. Ovarian carcinoma is a highly
heterogeneous group of diseases including different histological subtypes with distinct
clinicopathological and molecular genetic features, divided in type | and type 1l [270]. Type I
tumours are divided into three groups: i) endometriosis-related tumours that include endometrioid,
clear cell, and seromucinous carcinomas; ii) low-grade serous carcinomas; and iii) mucinous
carcinomas and malignant Brenner tumours and develop from benign extraovarian lesions that
implant on the ovary, which can subsequently undergo malignant transformation. Type Il tumours
are composed, for the most part, of high-grade serous carcinomas which can be subdivided into
morphologic and molecular subtypes: Immunoreactive, Proliferative, Differentiated, and
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Mesenchymal (Mes), of which the Mes subtype — High-Grade Serous Carcinoma (Mes-HGSC) is
associated with the worst clinical outcomes [271]. They are thought to originate from
intraepithelial carcinomas in the fallopian tube even if some models show a direct evolution from
secretory cells precursor cells in the fallopian tube [272] and others seem to primarily involve

precursor cells in the ovary [273].

Disseminated from the ovary or fallopian tube, multicellular HGSC spheroids accumulate in the
ascites and spread intraperitoneally within the abdominal cavity lining and into visceral tissues,
especially the omentum [274, 275]. Metastasis to the omentum results in a transformation of the
tissue, primarily composed of adipocytes, to an ECM-rich fibrotic TME, also called desmoplasia,
histologically devoid of adipocytes [276] (Figure 1.6). Type Il tumours present in advanced stage
in >75% of cases. They are invariably high grade, develop rapidly, and are highly aggressive.
High-grade serous ovarian carcinoma (HGSOC, the major Type Il tumour) is the most common
histologic subtype of ovarian cancer, accounting for three quarters of ovarian carcinoma [275, 277-
279].
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Figure 1.6. Ovarian cancer pathogenesis and progression. Image made with Biorender.

1.3.3 Staging and treatment guidelines

The Gynaecologic Oncology Committee of FIGO in 2014 and AJCC (American Joint Committee
on Cancer) TNM staging system revised the staging of ovarian cancer, incorporating ovarian,
fallopian tube, and peritoneal cancer into the same system [280]. Both classification systems use
three factors to stage ovarian cancer: (i) The extent (size) of the tumour (T) (ii) The spread to
nearby lymph nodes (N) (iii) The spread (metastasis) to distant sites (M). In parallel, the surgical
staging is determined by examining tissue removed during an operation. Sometimes, if surgery is
not possible the cancer will be given a clinical stage instead based on the results of a physical
exam, biopsy, and imaging tests done before surgery (American Cancer Society,

www/cancer/org). According to the FIGO system by the International Federation of
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Gynaecological Oncologists, Stage | is the least advanced stage of ovarian cancer, indicating that
cancer is localized only in your ovaries. Stage Il cancer hasn’t spread to lymph nodes or organs in
distant parts of your body, but it has reached organs close to the ovaries. As well as nearby organs
like the uterus and bladder, stage 11l cancer spread into stomach lining, the lymph nodes behind
the abdomen, or both. The most advanced stage, stage IV indicates that cancer has spread to some

distant organs.

Initial diagnostic tests include transvaginal ultrasonography and serum cancer antigen 125
measurement; however, these tests are not specific for ovarian cancer [265]. The current standard
of care is based on surgical cytoreduction and platinum-based chemotherapy, but despite initial
good response to the regimen, over 70% of patients develop platinum resistance within 5 years
leading to short life expectancy [281].

1.3.4 Understanding the tumour microenvironment

The complex TME which accompanies ovarian cancer progression includes (1) primary tumour
with tumour-associated stromal cells (fibroblasts and mesothelial cells) and inflammatory cells
(macrophages and leukocytes); (2) non-adherent cells suspended in ascites with inflammatory and
mesothelial cells; and (3) metastases to various parts of peritoneal cavity that contact mesothelial
cells, adipocytes and fibroblasts at the metastatic site. This heterogeneity of cell types likely
impacts tumour histology, growth potential and ability to evade chemotherapy [282, 283]. ECM

co-evolves with ovarian cancer cells functions from tumorigenesis to metastases.

In HGSOC, representing the vast majority (75%) of total ovarian cancers, “Fibrosis” or
“Mesenchymal” HGSOC molecular subtypes have been identified in all studies and are
systematically associated with poor patient survival. This presentation is characterized by high
stromal content composed of myofibroblasts and ECM proteins, such as collagen and fibronectin,
major causes of tumour stiffness [284]. Indeed, it is known that tumour stiffness is associated with
a high content of myofibroblasts and matrix remodelling, consistent with many studies in human
HGSOC [285-289]. Interestingly, matrisome signatures were found to correlate with poor overall
survival (OS) in patients with HGSOC. For example, a 10-gene signature (AEBP1, COL11A1,
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COL5A1L, COL6A2, LOX, POSTN, SNAI2, THBS2, TIMP3, and VCAN) that encodes ECM proteins
involved in collagen remodelling has been identified and validated. Expression of the signature
genes is regulated by TGF-B1 signalling and is enriched in metastases in comparison with primary

ovarian tumours [290].

Strong association between the density of a-SMA and a-FAP positive cells, two markers
commonly associated with activation of cancer associated fibroblasts, and disease score was found
in ovarian cancer [291, 292]. Another matrix-associated gene list, the matrix index, significantly
correlated with ovarian cancer disease score and tissue modulus, linking cancer malignancy to
tissue mechanics. Indeed, significant positive correlations between tissue modulus and disease
score in the evolving ovarian cancer TME suggested a close association of tissue stiffness with
disease progression and genes associated with cell metabolism, cell communication, wound

healing, ECM organization, as well as development, correlated with tissue modulus [292].

1.3.5 Preclinical models for ovarian cancer

One reason for the slow progress made in understanding the biology of ovarian cancer (OC) and
translating that knowledge into substantial clinical benefits has been a lack of clinically
representative model systems that mimic the progression of the human disease. Indeed, the
heterogeneity of ‘ovarian cancer’ entity, the debate around its origin and the intraabdominal
metastasis at the time of diagnosis, pose special challenges to the development of model systems
[283]. The two commonly used experimental systems for in vivo studies of ovarian cancers are
genetically engineered mouse models (GEMMs) and the spontaneous, naturally occurring laying
hen model.

All mouse models are genetically induced since experimental mouse strains do not spontaneously
develop ovarian carcinomas [293]. Originally, most GEMMs used Cre-lox technology to mutate
genes involved in ovarian cancer pathogenesis in the ovary surface epithelium (OSE) but other
models have been generated by mutating the secretory cells in the FTE to allow comparison of the

effects of genetics and cell of origin on the cancer phenotype [294, 295]. However there is no
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spontaneous, genetically similar model of ovarian cancer that parallels the human condition [296],
therefore evolution in our understanding of OC initiation, progression and early stages of
metastasis is hampered by the need for improved genetic models [297]. The laying hen is the only
species besides humans that spontaneously develops ovarian carcinomas at a significant frequency,
it is age-related and it is also grossly and histologically similar to that in humans and it metastasizes
to similar tissues to women; with an accumulation of ascites fluid, holding promises for ovarian

cancer research if additional research tools for the study of this model are developed [298].

Even if most of our knowledge of OC biology to date relies on experiments using cancer cells
grown in two dimensions on plastic, studying OC initiation, progression and metastasis in a three-
dimensional (3D) system has many advantages. 3D models can incorporate ECM and stromal cells
allowing detailed analysis of the contribution of stromal elements to cell adhesion, invasion, and
nutrient access; and to assess the influence of the TME on tumour cell survival, proliferation, and

differentiation.

Several 3D models have been developed to investigate different stages of the cancer progression.
Initial strategies replicated the submesothelial matrix penetration stage, using matrices of collagen
or Matrigel mixed with ovarian cancer cell lines [299]. Then spheroids or multicellular aggregates
models were developed to mimic the metastatic unit of cancer cells which can be isolated from
patient ascites [300]. Another 3D model of OC metastasis, referred to as 3D ‘mesothelium-
mimetic’ or ‘omentum-like’, include both mesothelial cells and the sub mesothelial ECM
interspersed with primary human peritoneal fibroblasts, closely mimicking the superficial layer of
the peritoneum (‘mesothelium’), replicating OC metastasis steps including adhesion, proliferation
and invasion [301]. Using primary human fibroblasts extracted from normal human omentum and
cancer cell lines, researchers prove that in the early steps of ovarian cancer metastasis to the human
omentum, omental mesothelial cells inhibit, while omental fibroblasts and the ECM enhance, the
attachment and invasion of ovarian cancer cells [302]. This model can also be implemented by
including other cells type such as adipocytes and macrophages to test treatment effect on the
complex tumoral cell microenvironment population [276]. Another interesting model used ex vivo
human or mouse peritoneal or omental explants to evaluate OC tumour cell interactions with intact

peritoneal tissue [303]. Gaining more and more interest, patient-specific cancer organoids are
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thought to faithfully recapitulate the biological properties of their tumour of origin. Tumour-
derived organoids are derived from resected human tumour biopsy. After processing, adipose-
derived mesenchymal stromal or adipose-derived stem cells (ASCs) are retrieved from the biopsy,
allowing for the generation of organoids [242].

Ovarian cancer organoids were successfully established in < 3 weeks, capturing the characteristics
of histological cancer subtypes and replicated the mutational landscape of the primary tumours
[304, 305]. Among many advantages they proved to preserve tumour heterogeneity [306]; using
the CRISPR/Cas9 technique, their genome can be manipulated to introduce disease-associated
mutations for disease modelling [307, 308]. One of the major limitations of current organoid
technology is the lack of microenvironment, a problem which is under investigation in research
for a so-called “next-generation organoids”, including stromal and immune cells within the

organoids or using a microfluidic platform to fully mimic the in vivo state [243, 306, 309].

Regardless of the complexity achieved by 3D culture modelling there is still a lack in models that
contribute to the understanding of the very earliest events in OC metastasis, the shedding of cells
from the primary tumour; but also a meaningful and comprehensive model which will combine
biological complexity and mechanical features of disease progression at different stages.
Furthermore, another challenge will be adaptation of these 3D and organotypic models to a high-
throughput format to facilitate drug screening.

1.4 Motivation and research aims

Biological tissues often experience drastic changes in their microstructure due to their
pathophysiological conditions. Such microstructural changes could result in variations in
mechanical properties, which can be used in diagnosing or monitoring a wide range of diseases,
most notably cancer. Non-invasive techniques, i.e. shear wave elastography (SWE) and magnetic
resonance elastography (MRE) [310-312], are currently used in clinic to characterize healthy and
diseased tissues in vivo but these methods have drawbacks mainly related to the complex structure
of the tissues and the location of the organs away from the source of excitation [310, 313].
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Assessment of mechanical properties on ex-vivo samples, allows more accurate and quantitative
evaluation of tissue mechanical abnormalities. While AFM holds the advantage of indentation
measurement using a small volume of tissue and high resolution at the single-cell level [314], shear
rheometer can be coupled for bulk tissue mechanics, providing promising tools for cancer
diagnosis and to assess potential anticancer effectiveness [315-317]. To mimic in vivo mechanical
changes in a 3D in vitro model, sponge scaffolds a technology borrowed from regenerative
medicine applications [318] are employed here, and tuned to replicate mechanic features of cancer
environment (stiff) and its normal counterpart (soft). These sponge scaffolds were then seeded
with fibroblast and/or human ovarian cancer cell lines, to better dissect the function of ECM
mechanics on two important compartments implicated in tumour progression, namely the stromal

and cancer cells.

Study Hypothesis. The hypothesis for this thesis states that tuneable porous collagen scaffolds are
(a) suitable and (b) add significant value to the investigation of the role of the mechanical
microenvironment in driving stromal compartment roles and OC tumorigenesis as well as primary
cancer metastatic progression and therapeutic resistance. To test this hypothesis, a series of
interdisciplinary investigations are conducted combining sponge scaffold fabrication and
characterisation with stromal and OC seeding, and downstream analysis, utilising cellular and
molecular techniques to decipher important cellular differentiation processes observed in Ovarian

Cancer.

Aims and objectives

1. Fabricate a flexible sponge scaffold which enables ECM stiffness and composition to be
mimicked. Mechanical and structural characterization of the scaffolds. Adhesion,
proliferation, cellular migration, and biocompatibility evaluation.

2. Utilize soft and stiff scaffolds to mimic a fibrotic/desmoplastic tissue and normal
counterpart to test normal fibroblasts and activated fibroblasts migration, contractility,

whole transcriptome analysis. Analysis of OC SKOV.3 cell line conditioned media effect
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on fibroblasts activation on soft scaffolds to establish a model to study the genesis of
desmoplastic response.

Matching soft and stiff mechanical properties of the scaffolds to corresponding mechanical
parameters of normal and ovarian cancer tissue biopsies. Utilise these systems to
investigate the molecular signatures of ovarian cancer cell lines with different metastatic
potential. Test the effect of scaffold rigidity on migration, proliferation, morphology, and
drug response. Evaluate soft scaffold suitability to accommodate coculture of stromal and
ovarian cancer cells to recreate TME complexity for drug testing.

Compare and contrast traditional mammalian sponges with alternative sustainable sources

of collagen (jellyfish, as part of KESS funding) for ovarian cancer 3D model establishment.
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Chapter 2: Bioengineering porous scaffolds for 3D cancer research

2.1 Introduction

In cancer research, 2D cellular models have long represented the gold standard in vitro
methodology, however they fail to represent the complexity of the TME and have more recently
been overtaken by more complex 3D culture methods [319-322]. Many of these 3D studies have
demonstrated that cancer cells interact extensively with their cellular, biochemical and biophysical
microenvironment during proliferation, angiogenesis, metastasis, and chemo- or radiotherapy
[323-328].

Centred on biotechnology and tool fabrication, tissue engineering practices provide opportunities
to create 3D functional constructs for many applications such as tissue repair or stem cell biology
studies, as well as offering great potential for disease model development [329]. Indeed, creating
3D environment(s) that mimic organ(s) or tissue(s), provides meaningful platforms to investigate
distinct cancer-microenvironment crosstalk, such as cell-cell populations, cell-ECM and the effect
of drug or specific interventions such as gene knockouts that may link gene/protein expression to
specific microenvironment functions [330]. These tissue models will never be implanted directly
into patients however, they can transform the way we study human tissue physiology and
pathophysiology in vitro, ultimately providing enhanced disease understanding through patient-

tailored therapies that prevent or cure underlying disease.

Established by decades of research, three crucial components (named the TE triad) are needed in
order to create an effective 3D construct, a relevant selection of cells, a biomaterial scaffold that
provides the structural support for cell attachment and guides tissue development [329], and a
network of bio-chemical and biophysical signals that enable crosstalk between cells and scaffolds,
to ultimately recreate tissue [331, 332]. Over the last two decades four major scaffolding
approaches have evolved for TE, in the form of pre-made porous scaffolds, decellularized
extracellular matrix (ECM), cell sheets with self-secreted ECM, and/or cell encapsulation in self-

assembled hydrogel matrix [254]. Among these, the most common approach is the use of a pre-
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made porous scaffold [332]. This approach harbours a number of advantages, from having the
most diversified range of biomaterials available to use, both natural or synthetic [333]; the ability
to introduce precise architectural features and microstructures [334]; and the ability to tune
scaffold physicochemical characteristics to mimic the physical properties of native tissues [318].

When compared directly to the poor mechanical properties of hydrogels, porous scaffold
approaches are well matched to research in tissues that have load-bearing functions or in any tissue
where mechanical properties are thought to play a central role in the cellular differentiation
processes under investigation [254, 318]. Indeed, easy to reproduce, convenient to handle, and
amenable to large-scale use, porous scaffolds now have a wide scope of tissue biology applications
[335-338].

In oncology, however, only a few solid tumour microenvironments have been modelled using these
approaches. Elements of breast, prostate, and glioblastoma tumours have been investigated using
chitosan-alginate or chitosan-hyaluronic acid based-scaffolds for example [323, 339-344]. These
scaffolds belong to the category of ‘natural biomaterial, are biologically active and typically
promote excellent cell adhesion and growth (26-31). The most representative natural polymer
available however, is collagen, which is the most abundant ECM scaffold protein in connective
tissues, basement membrane, skin, vascular tissue, brain, spinal cord and many other tissues in the
human body [345, 346]. ECM is mainly composed of two classes of biomolecules: fibrous proteins
which include collagen, fibronectin, and laminin, and glycosaminoglycans (GAGS), most often
covalently linked to protein forming the proteoglycans, such as hyaluronic acid (HA) [347].
Collagens contribute to tissue physical properties and resist tensional forces, while GAGs control
hydration by attracting water, due to their polyanionic nature, allowing matrix resistance to

compressive forces [348-350].

Finely tuned during homeostasis, changes in ECM composition and remodelling, as well as rate
of degradation and deposition, strongly characterize cancer tissues [16]. Increased matrix
deposition, matrix remodelling by forces from cancer cells and stromal fibroblasts, matrix
crosslinking, increased cellularity, and the build-up of both solid and interstitial pressure, are

among the many factors contributing to increased tumours stiffness [351]. As a result, ECM
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dysfunctions have been shown to lead to significant differences in stiffness between normal and
diseased states of the same tissue type. Benign breast tissue for example has a Young’s, or elastic
modulus in the low hundreds of pascals (Pa) while average breast tumour stiffness is ~4 kPa; brain
tissue is usually in the 10s of range, while brain tumour stiffness has been shown to span up to
over 10 kPa; similar trends have been observed in prostate (2 fold increase in prostate cancer
tumour stiffness), while the stiffness of mineralized bone in the metastatic niche is ~106 kPa [14,
91, 323, 352-354].

Importantly it is not only ECM composition, but also the architectural organization and degree of
crosslinking of components such as collagen and HA, that dictate the mechanical properties of the
ECM, controlling how mechanical forces are transmitted to cells [355]. Together with increased
collagen crosslinking, increased HA accumulation is a hallmark of almost all diseases in which
inflammation and/or fibrosis occur, especially tumour growth and metastasis [356-359]. In
pathological settings such as inflammation, local HA production increases substantially [360, 361]
and anti-inflammatory, anti-tumorigenic high-molecular weight HA (HA HW, defined as >5 x
10° Da) is rapidly catabolized resulting in the presence of fragmented, low-molecular weight HA
(HA LW, defined here as <200 kDa) [362-364]. Upon the resolution of inflammation, both the
amount and size of HA return to basal levels [365], however, in chronically inflamed tissues such

as tumours, shorter HA polymers predominate over a sustained period of time [366].

2.1.1 Mechano-testing: technologies to approach biophysical studies in 3D cancer modelling

The studies of mechanics in 3D systems for cancer research has enabled researchers to develop
better technologies and adapt protocols from material science to cancer biology. So far, at a cellular
level, mechanics can be measured with methods probing stiffness at the nano-scale and micro-
scale, including micropipette aspiration [367-369] and optical stretcher [370] for measuring
mechanics of whole cells in suspension, and atomic force microscopy (AFM) for the investigation
of single adherent cells [371-374]. For example, many studies used AFM on different types of
epithelial cancer cells, showing that cancer cells are generally softer and display lower intrinsic
variability in cell stiffness than non-malignant cells [375, 376]. Furthermore, AFM was

successfully applied to measure the mechanics of tumour spheroids to promote understanding of
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tumour growth in confined environments, showing that tumour spheroids grown in stiff hydrogels
were significantly stiffer than those grown in compliant hydrogels [377]. In addition, AFM can
reveal the mechanical dynamics of the basement membrane during the invasion process of tumour
cells. Morphological imaging by AFM showed that the basement membrane cultured with cancer
and stromal cells had higher roughness and more holes during the tumour breaching process but
become softer upon cancer cell and fibroblast growth, clearly suggesting basement membrane

mechanics are dynamic during cancer invasion and metastasis [378].

Elastic and viscoelastic properties of tissues, cells, and ECM are typically measured using
rheology, the study of flow and deformation of matter, to characterize both the elastic (G’, storage
modulus) and viscous (G'’, loss modulus) behaviour. Rheology measurements provide an
interesting tool to study the interaction between forces and the flow/deformation of materials that
exhibit a combination of elastic, viscous, and plastic behaviour, such as normal and tumour tissues
[379, 380]. Tissues are composed of colloidal particles, filamentous polymers, and other supra-
molecular arrangements, leading to complicated deformations in response to mechanical stress.
Rheological measurement probes the mechanical responses of viscoelastic medias but also
establishes predictions for mechanical behaviour based on the micro- or nanostructure of the
material [381]. Finally, bulk compression or tension analysis is used to measure the elastic
modulus (E; Young’s modulus), which relates to the architecture of the bulk tissue or the 3D model
under investigation [382-384].

Overall mechanical properties of a tissue are meaningful in assessing physical characteristics
during processes such as cancer development [385]. Although the TME is of critical importance
during initiation and spread of cancer, relatively little is known about its biophysical evolution and
how it impacts nuclear processes inside the cells like epigenetic regulation, which have direct
consequences on gene expression. Unfortunately, there are few reports addressing the link between
tissue mechanics and epigenetics in 3D systems, but we hope that this link will be filled by the
growing interest in the field and technological advances. In the following sections, the latest
achievements in the field of 3D culturing systems used for dissection of solid tumour TME
mechanical changes and reported effects on cancer and stromal cell gene expression, behaviour,

and epigenetic machinery.
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Utilising a porous scaffold to mimic cancer tissue microenvironment stiffness could help
understand the interplay between cells in the TME and the biophysical signals of the ECM, offering
new understanding of cell-ECM cross talk and ultimately to molecular targets of disease and novel
therapeutic avenues. To replicate native tissues, scaffold constructs must be biocompatible for
cellular doping and incorporate mechanical properties/architectural features that enable cells to
attach, sense biophysical cues, proliferate, migrate and remodel the matrix, freely and without
interference [327, 386, 387]. One cell type shown to be essential in cell-ECM interactions in tissue
biology, fibrosis and cancer are activated stromal cells, inclusive of diverse populations dependent
on their origins and expression profiles [388] [389]. These stromal cells play an important role in
tissues characterised by high matrix stiffness, such as in lung fibrosis [390], but also play an
essential role in cancer evolution, as shown in breast cancer [391], pleural mesothelioma [390],

lung cancer [392], pancreatic cancer [393] and liver cancer [394].

Tunable 3D collagen-based scaffolds for
bio/physical tumour microenvironment studies
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Figure 2.1. Schematic representation of scaffolds properties and fabrications to mimic normal and pathological

tissue mechanical and biological characteristics. Image made with Biorender.

In this chapter, two distinct strategies are used to explore collagen scaffold suitability to model the

differing ECM stiffness gradients observed between normal and pathological tissues. First, 1, 4-
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butanediol diglycidyl (BDDGE) was used to crosslink collagen-type I based scaffolds to reproduce
normal and pathological mechanical stiffness features of human tissues. Both stiff and softer
scaffolds were tested for fibroblast cell (MRC-5) biocompatibility using normal (NFs) and TGFB1
activated fibroblasts (AFs) (Figure 2.1). In parallel, increasing concentrations of HA LW
combined with collagen-type | scaffolds were utilised to obtain a scaffold resembling an ECM
with distinct pathological features such as the presence of HA LW and higher stiffness (>kPa).
Following optimization, a scaffold that replicated normal tissue characteristics was fabricated
using HA HW, to ultimately evaluate both NF and AF behaviour in a diseases-HA LW-stiff vs
normal-HA HW-soft microenvironment (Figure 2.1). Both the scaffolds fabricated in this chapter
combine both biological and mechanical aspects of native tissues (Fig. 2.1). Even if 3D cell culture
approaches (gel systems and spheroid cultures) have dramatically improved our understanding of
the role of 3D culture on tumour cells [395-397], there still exists a need for innovative 3D - models
that are capable of recreating distinct tumour mechanical characteristics, that allow for in vitro

tumour modelling under well-defined and reproducible conditions.

2.3 Results

2.3.1 Strategy 1: Porous collagen scaffold stiffness gradients

2.3.1.1. In vitro scaffold mechanical properties mimic normal and pathological tissues in vivo

Increased tumour and stroma stiffness represents one of the latest updates among the hallmarks of
cancer [16]. As evident in the use of palpation for the detection of breast tumours and cancerous
lymph nodes in the case of lymphomas, increased stiffness in other tissues such as liver, pancreas,
prostate, and lung, has also been linked to disease progression [91, 398, 399]. 1,4-butanediol
diglycidyl ether (BDDGE) was employed here to cross-link bovine-derived collagen type |
scaffolds. The epoxy groups of this reagent are able to react with both amine and carboxylic acid
groups under acidic conditions (5 < pH < 6.0) evoking a reaction between epoxide groups and

carboxylic acid groups of collagen [400].
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Macroscopical imaging of the whole scaffolds showed a porous matrix with interconnected fibres
(Figure 2.2A). The effect of 1, 0.1%, 0.01 wt% BDDGE concentration effect on scaffold storage
and Young’s modulus was evaluated using rheology and AFM respectively (Figure 2.2).
Rheological analysis showed significantly increased storage modulus in the 1%wt (11.27£0.62
kPa) and both the 0.1%wt (3.63£0.46 kPa) and 0.01%wt (1.81+0.24 kPa) BDDGE (p<0.0001)
counterparts. Similarly, the difference between 0.1%wt and 0.01%wt BDDGE was also

statistically significant (p<0.01) (Figure 2.2B).

These patterns of stiffness gradient dependent on %wt BDDGE were shown at the nanoscale using
AFM analysis, reporting a significantly increased Young’s Modulus between 1%wt (144.98+10.99
kPa) and both 0.1%wt (15.32+0.32 kPa) and 0.01%wt (4.35+0.577 kPa) (p<0.0001). Similar to
the bulk property stiffness, 0.1%wt scaffolds were significantly increased compared to the
0.01%wt BDDGE as well (*p<0.1) (Figure 2.2C). Based on their mechanical properties, at both
bulk and nanolength scale, BDDGE collagen scaffolds represent a meaningful and suitable system
to model tissue stiffness in pathological conditions, since both storage modulus and young
modulus spans within the range of stiffness reported in the literature for normal and pathological
tissues [284, 401-403].
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Figure 2.2. Mechanical features of collagen I-scaffolds fabricated using different percentages of crosslinker 1,4-
butanediol diglycidyl ether (BDDGE). (A) Brightfield pictures obtained by imaging stitching on digital fluorescence
microscope. (B) Storage modulus analysis (kPa) of 1%-0.1%-0.01% BDDGE scaffolds using rheometer (C) Young’s
modulus (kPa) analysis 1%-0.1%-0.01% BDDGE scaffolds by AFM. Data are mean + standard deviation (n=3).
Ordinary one-way ANOVA, ****p<0.0001, **p<0.01, * p<0.1.

2.3.1.2 BDDGE crosslinking doesn’t interfere with scaffold porosity organization and

chemical/thermostability

Interconnected pores in the scaffold architecture are known to improve mechanical properties,
supporting cell growth while enabling nutrient exchange and waste removal [386]. The porous
structure of MS and NS after freeze-drying was determined by SEM imaging. At lower
magnification, scaffold sample structures are composed of interconnected pores with boundaries
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defined by sheet-like structures of fibrillar collagen. At higher magnification, the typical fibrous

substructure of collagen sponges can be appreciated (Figure 2.3A).

FTIR and TGA were used to characterize how BDDGE crosslinking interfered with collagen
composition and determine the material's thermal stability. FTIR spectral analysis showed the
characteristic collagen signature with absorption peaks for the amide 1 (1700-1600 cm™), amide
11 (1600-1500 cm™), and amide 111 (approximately 1200—-1300 cm™), referring to C=0, N-H and
C—N, respectively (Figure 2.3B). For TGA analysis, all collagen scaffolds underwent endothermic
reaction at around 50°C (evaporation of the water moisture present in the material), while thermal
transition and material degradation happened after 100°C of the heating ramp, regardless the

percentage of crosslinker used (Figure 2.3C).
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Figure 2.3 SEM imaging of the chemical characterization of collagen I-scaffolds fabricated using different
percentages of BDDGE. (A) SEM imaging of scaffolds at different magnifications. (B) FTIR spectra of 1%-0.1%-
0.01% BDDGE scaffolds. The spectra highlighted the presence of typical collagen Amide I, Amide Il, and Amide I1I.
(C) Thermo gravimetric Analysis (TGA).
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2.3.1.3 BDDGE crosslinking doesn 't interfere with scaffold biocompatibility

The scaffold biomaterial employed and its structural characteristics can influence cellular viability
and adhesion [404, 405]. To assess scaffold biocompatibility, MRC-5 cells were selected, as
fibroblast cells have proven to be essential in cell-ECM interactions in tissue biology, fibrosis, and
cancer [406]. Cellular viability on the scaffolds was assessed using calcein/EtBr staining and the
percentage of live and dead cells assessed using flow cytometry and fluorescence microscopy
(Figure 2.4). When analysed quantitatively for viability, using calcein/EtBr live-death staining,
MRCS5 were viable across all the scaffolds and 2D controls, showing 82.5 + 6.6; 82.9 £ 6.3; 79.7
+5.9; 76.4 £ 9.7 for coll 1%-0.1%-0.01% BDDGE and 2D respectively (Figure 2.4A-C).

Fibroblasts were able to attach to, and colonize the scaffolds, as reported by the 3D maximum

intensity projection based on 3 layers collected per scaffold, calcein/EtBr live-death staining

showed that cells were viable after 7 days of culture (Figure 2.4D).
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Figure 2.4. Fibroblasts MRC5 were viable and adhere on 1%6-0.01%-0.001% BDDGE scaffolds. (A) 2D cell
death representative staining analysed with flow cytometry. (B) 3D cell death representative staining analysed with
flow cytometry. (C) Quantification of 2D and 3D cell death staining. (D) 3D cell death staining recorded with
fluorescence microscopy. Analysis and imaging were performed after 7 days of culture. Scale in images of whole
scaffold: 500 pm.

2.3.1.4 Activated Fibroblasts proliferate and soften the stiff (1% BDDGE) sponge scaffolds
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In many pathological conditions, such as heart and lung, cancer fibroblasts secrete large amounts
of the cytokine transforming growth factor-TGFB1 which activates fibroblasts, mediating ECM
remodelling and fibrosis [407, 408]. In this study, fibroblast activation in AFs was detected by the
expression of fibroblast associated protein (FAP) with flow cytometry and activated o smooth
muscle actin (a¢SMA) using Western Blot analysis. FAP is a serine protease that is not expressed
in most normal tissues, with the majority of FAP expressed by activated fibroblasts (AFs)
responding to the pathologic situations [34, 409]. Another biomarker expressed by all
myofibroblasts is a-SMA, which has been found to be upregulated in lung fibrosis and cancer, and
evaluated as novel non-invasive serological biomarker for lung disorders by providing a surrogate

measure of activated fibroblasts [410].

To test scaffold suitability for stromal studies in pathological and normal mechanical conditions,
normal fibroblasts (NFs) were first activated into activated fibroblasts (AFs) using TGFB1 [409,
411, 412]. TGFBI titration was performed using increasing dose of TGFB1 (0-50 ng/ml) and
analysis performed at day 7, evaluating FAP (Figure 2.5A) and a-SMA (Figure 2.5B) expression.
Expression of FAP, followed by flow cytometry, increased under all treatments with 25, 50, 100
ng/ml of TGFB1. FAP expression seemed to reach a plateau after the lower dose, 25 ng/ml (Figure
2.5A). Similar results were obtained for aSMA protein expression, analysed by western blot. No
basal expression of aSMA was detected, while an increase in its expression was already induced
after 25 ng/ml of TGFpB1 (Figure 2.5B). No stats provided. The lower dose, effective in inducing

both markers, was selected as elective dose for AF activation in all further experiments.
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Figure 2.5. TGFB1 treatment stimulated conversion of NFs into AFs (2D culture). (A) FAP expression after 7
days on 2D culture under TGF1 titration 0-25-50-100 ng/ml, assessed by flow cytometry. (B) aSMA protein
expression after 7 days on 2D culture under TGFp1 titration 0-25-50 ng/ml, analysed with western blot. The
housekeeping gene GAPDH was used as an internal control. n=1 reported.

The proliferation rate of both NFs and AFs was evaluated on 1%-0.1%-0.01% BDDGE scaffolds,
with standard 2D cultures being used as controls. To evaluate cellular proliferation following
activation we employed Pico Green assay, an ultra-sensitive fluorescent nucleic acid stain for
quantitating double-stranded DNA (dsDNA). The measured amount of dsDNA can then be used
as a marker for cell proliferation [413]. 2D cultured cells, showed similar proliferation rates for
both NFs and AFs with an increase of 3+0.5 at day3 and 6.8+2.6 at day7 for NFs and 3.2+1.46 at
day3 and 5.6x+1.23 at day7 for AFs (Figure 2.6A). Significant differences were reported between
dayl and day7 of both NFs and AFs culturing on 2D (***p<0.001, **p<0.01).
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3D scaffold analysis showed a distinct preference of AFs for 1% BDDGE scaffolds, reporting the
highest proliferation rate at day7 compared to dayl (3.2+0.48) (p<0.0001); and a lower
proliferation on softer matrices, 0.01%BDDGE, at day7 compared to dayl (0.6+0.07) (p<0.01),
strongly suggesting AFs preference for stiffer matrices. On the other hand, NFs showed a slight
preference for 0.1% BDDGE scaffolds with a proliferation rate of 1.8+0.12 compared to dayl
(p<0.0001) (Figure 2.6B). These results support the notion that AFs are present in pathological
tissues, usually characterized by fibrosis and linked to increase in stiffness.
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Figure 2.6. AFs fibroblasts proliferate more on 1% BDDGE scaffolds. (A) Proliferation rate of NFs and AFs
cultured on 2D assessed by Pico Green assay at day 1, 3, 7. (B) Proliferation rate of NFs and AFs cultured on 3D 1%-
0.1%-0.01% BDDGE scaffolds assessed by Pico Green assay at day 1, 3, 7. Data are mean + standard deviation (n=3).
Two-way ANOVA, ****p<0.0001, ***p<0.001, **p<0.01, * p<0.1.
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2.3.1.5 AFs promote soft scaffold shrinking (0.01% and 0.1% BDDGE)

As fibroblasts represent the central cellular effectors of fibrosis [414], a 3D matrix-cell culture
system is a useful model to analyse functional and biomechanical features of cell-matrix
interactions and pathogenesis, especially fibroblast implications in matrix remodelling [361, 415,
416]. First, the scaffolds were seeded with increasing cellular densities, 25k-100k and 300k of both
NFs and AFs and scaffold diameter was analysed in a time span of 7 days, to record macroscopic
remodelling of the matrix (Figure 2.7). Scaffold diameter analysis was performed using ImageJ
with data reported as mean + standard deviation (n=3 scaffolds evaluated for each time point). No
significant modification in scaffolds diameter were observed on 1% BDDGE over time for all
cell’s density utilized (Fig.2.7A). On the 0.01% BDDGE scaffold however, the scaffold diameter
decreased at day7 compared to dayl for both NFs (p<0.01, at 25k cells and p p<0.001 for 100 and
300k cells) and AFs (p<0.0001) culturing conditions (Fig.2.7C). Between 0.1% and 0.01%
BDDGE scaffolds, AFs showed the highest capability in promoting scaffold shrinking, especially
at cellular densities of 100k and 300k. A cellular density of 100k was picked as standard for the

following experiments.
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Figure 2.7. AFs culturing promoted higher scaffolds shrinking compared to NFs, except on 1% BDDGE
scaffolds. Scaffold diameter analysis over 7 days of culture of NFs and AFs on (A) 1% (B) 0.1% (C) 0.01% BDDGE
scaffolds at a cellular density of 25k-100k-300k. Scaffold pictures were recorded with digital microscope and
brightfield pictures were analysed with Image J to calculate scaffold diameter. Data are mean + standard deviation
(n=3) and statistical analysis performed compared to dayl. Two-way ANOVA, ****p<(0.0001, ***p<0.001,
**p<0.01, * p<0.1.

2.3.2 Strategy 2; Porous collagen porous scaffolds with LW HA OLIGO (403.31 kDa)

2.3.2.1 Inclusion of HA maintains the porous structure of the collagen sponge
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In both wound healing (normal) and pathological scenarios such as tumour progression and
fibrosis, tissue remodelling processes occur which include changes in HA content and size [417-
419]. In tumours, even if HA synthesis increases during remodelling, the increased expression of
HA enzymes (hyaluronidases) and macrophage-generated ROS/RNS results in massive HA
degradation. Indeed, the accumulation of HA fragments disrupt the homeostatic balance with HA
HW altering the integrity of the matrix and resulting in HA HW displacement from cell receptors

and changes in HA signalling effects [420].

To mimic the accumulation of HA LW in vitro we combined bovine-derived collagen type | with
different amounts of HA LW fragments (1:10,1:100 and 1:1000) to create a sponge scaffold.
Analysis of SEM images showed a typical 3D sponge scaffold porous structure, shared between
the samples tested (Figure 2.8A). FTIR and TGA were again used to characterize scaffold
composition after HA addition. FTIR spectral analysis showed the characteristic collagen signature
with absorption peaks for the amide I (1700-1600 cm™), amide 11 (1600-1500 cm™), and amide
111 (approximately 12001300 cm™), referring to C=0, N-H and C-N, respectively (Figure 2.8B).
The absorption bands between 1000-1100 cm™ are typical for carbohydrates and the peak appeared
in the col/HA 1:10, showing the presence of HA in the material and the difficulty to detect HA
content in 1:100 and 1:1000 coll/HA due to lower amount of HA in the final material composition.
For TGA analysis, both materials underwent endothermic reaction at around 50°C (evaporation of
the water moisture present in the material), while thermal transition and material degradation

happened after 100°C of the heating ramp, for both samples (Figure 2.8C).
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Figure 2.8. Coll/HA LW 1:10-100-1000 showed similar structure, composition and thermostability. (A) SEM
magnification of the scaffolds (frontal and transversal). (B) FTIR spectra of scaffolds. The spectra highlighted the
presence of typical collagen Amide I, Amide Il, Amide Il and carbohydrates absorption bands. (D) Thermo
gravimetric Analysis (TGA).

2.3.2.2 Coll/HA LW 1:10 mimics pathological tissue stiffness

Since HA is a long polymer chain, forming random coils entangled in solution, and its numerous
hydroxyls capture a huge quantity of water by forming hydrogen bonds [421], HA mechanically
increases the elastoviscosity in the ECM. For example, during tumour progression both cancer
cells and fibroblasts remodel the matrix leading to excessive collagen and HA, contributing to
matrix stiffness increases [422]. To evaluate if HA LW content correlated with scaffold model

mechanical stiffness, shear rheometry was performed as described previously (Figure 2.9).
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Figure 2.9. Coll/HA LW 1:10 showed increased storage modulus compared to other scaffolds. Rheology analysis
of storage modulus (G’, kPa) in collagen, coll/HA LW 1:10-100-1000. Data are mean + standard deviation (n=3).
Ordinary one-way ANOVA, **p<0.01.

The scaffold storage modulus (G’), at 1 Hz, was significantly increased in col/HA LW 1:10
(6.88+1.12 kPa) compared to collagen only (3.56 +0.82 kPa) (p<0.01), while no significant
difference were reported compared to coll/HA LW 1:100 (3.36+0.80 kPa) and coll/HA LW 1:1000
(1.99+0.10 kPa), suggesting a link between HA content and stiffness.

2.3.2.3 Coll/HA LW 1:10 induces fibroblast proliferation and elongation

Cellular adhesion and biocompatibility are fundamental requirements in the design of a 3D tissue
scaffold [423]. These factors are routinely measured using cell viability and proliferations assays
for adherent cells such as the MRC-5 fibroblasts used here. First, the Alamar blue assay was used
to quantitatively analyse cell viability and proliferation [424]. As reported in Figure 2.10A,
compared to the scaffold composed of collagen only, the highest rate of cellular proliferation was
observed at day7 compared to day3, when grown on coll/HA LW 1:10 (p<0.001) while coll/HA
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LW 1:1000 showed the lowest cells proliferation rate among all the scaffolds compared to day3
(p<0.01).

Fibroblasts, stained for actin and nuclei, adhere and colonize each scaffold as shown by the
maximum projection analysis of 3 different z layers collected on the whole scaffolds Figure 2.10B,
staining patterns on the scaffolds are indicative of cells adhesion and penetration onto the scaffolds,
while they could also represents an indication of changes in the underling fibres organization after
7 days of culture. A different cell staining pattern, detected on the coll/HA LW 1:100, suggest a
more ‘corrugate’ organization in that scaffold underneath. This is in line with previous literature
showing that fibroblasts cells has the ability to influence ECM organization, specifically, activated
fibroblasts (AFs) such as CAFs deform architecture of ECM, influencing cell migration, invasion,
and growth, generating tracks that cancer cells follow [425]. As consequent, alignment of matrix
fibres have been found in tumours and to be associated with poor patient prognosis [426]. It has
been reported that fibroblast cell elongation, related to mechanical stress of the local environment,
is a critical factor in normal fibroblasts activation and CAFs genesis [427]. We reported differences
in the elongation of fibroblasts across the whole scaffolds between coll/HA LW 1:10 and collagen
scaffold (1.78 and 1.58um respectively, p<0.0001) (Figure 2.10C) and specifically in the centre
portion (Figure 2.10D) (p<0.001), suggesting a higher cell stretching promoted by collagen/HA
LW 1:10 compared to the only collagen scaffold.

Among the scaffolds analysed, only the coll/HA LW 1:10 scaffold succeeded in mimicking both
mechanical properties (stiffness) and biological characteristics (HA LW) of pathological tissues.

For this reason, the following analysis was carried out using this elective scaffold only.
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Figure 2.10. Fibroblasts grown on coll/HA LW 1:10 showed increased proliferation and elongation. (A) Alamar
Blue cell proliferation analysis performed at day3-5-7 on scaffolds. (B) Phalloidin-488 and DAPI staining on
fibroblasts grown on coll, coll/HA 1:10-100-1000 and recorded with fluorescence microscope using stitching feature.
(C-D) Analysis of cells elongation on both coll and coll/HA 1:10 scaffolds, evaluating it as whole or dividing centre
and edges. Analysis performed with NIS-Elements, Nikon software. Data are mean + standard deviation (n=3). T-test
performed, **** p<0.0001, ***p<0.001, **p<0.01, *p<0.05.

2.3.3 Strategy 2B: Porous collagen scaffolds using HA LW OLIGO (403.31 kDa) and HA
HW (2x106 Da)
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2.3.3.1 coll/HA LW and coll/HA HW mimic pathological and normal tissue stiffness

HMW-HA is very abundant in healthy tissues and typically inhibits inflammation [366]. After the
ratio of Coll/HA LW 1:10 was established as optimal, for linking pathological trends in biological
and mechanical features within a porous scaffold structure, further modification was undertaken
using HW HA. The crosslinker EDC/NHS was used, to ensure HA immobilization onto the
collagen scaffold through the formation of a stable amide bond [428].

Consistent with chapter results, the scaffold storage modulus (G’), at 1 Hz, was significantly
increased in coll/HA LW (14.6+1.21 kPa) compared to coll/HA HW (9.12+0.56 kPa), (p<0.0001).
Furthermore increasing the collagen/HA LW ratio to 1:1, 1:2.5 and 1:5 lead to significantly lower
elastic moduli (3.25+£0.09, 4.11+0.08, 4.34+0.15 respectively, p<0.0001), proving the 1:10
coll/HA LW ratio the elective for further evaluations (Figure 2.11).

significant difference
a - **** ys coll/HA LW

N
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|

Storage modulus (G') kPa

Figure 2.11. Coll/HA LW 1:10 showed increased storage modulus compared to other scaffolds. Rheology
analysis of storage modulus (G’, kPa) in coll/HA HW 1:10, coll/HA LW 1:10, coll/HA 1:1-1:2.5-1:5. Data are mean
+ standard deviation (n=3). Ordinary one-way ANOVA, ****p<0.0001.
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2.3.3.2 HA LW or HW inclusion in collagen scaffolds doesn’t impact porous structure and

thermostability

SEM image analysis showed a typical porous structure of a 3D sponge scaffold shared between
the samples tested (Figure 2.12A). FTIR and TGA were used to characterize scaffold composition
after HA LW and HW addition. FTIR spectral analysis showed the characteristic collagen
signature with absorption peaks for the amide 1 (1700-1600 cm-1), amide 1l (1600-1500 cm-1),
and amide 111 (approximately 1200-1300 cm-1), referring to C=0O, N-H and C-N, respectively
(Figure 2.12B). The absorption bands between 1000-1100 cm-1, typical for carbohydrates are
present in both coll/HA LW and coll/HA HW, showing HA incorporation in the scaffolds. For
TGA analysis, both materials underwent endothermic reaction at around 50°C (evaporation of the
water moisture present in the material), while thermal transition and material degradation

happened after 100°C of the heating ramp, for all samples tested (Figure 2.12C).
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Figure 2.12. coll/HA LW-HW showed similar structure and thermostability of collagen only scaffolds. (A) SEM
imaging of scaffolds at different magnifications. (B) FTIR spectra of scaffolds. The spectra highlighted the presence
of typical collagen Amide I, Amide Il, Amide Il and higher carbohydrates absorption bands in coll/HA LW and HW
scaffolds. (D) Thermo gravimetric Analysis (TGA).

2.3.3.3 Fibroblasts cells are viable on coll/HA-LW/HW scaffolds

When quantitatively analysed for viability, using calcein/EtBr live-death staining, NFs showed a
76% + 1.9; 79.2% * 3.3; 82.3% + 3.4 calcein-positive cells on collagen scaffold, coll/HA LW and
coll/HA HW respectively (Figure 2.13).
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Figure 2.13. Fibroblasts MRC5 were viable and adhere on 1%-0.01%-0.001% BDDGE scaffolds. (A) 2D-3D
cell representative death staining analysed with flow cytometry. (B) Quantification of 2D and 3D cell death staining,

Data are mean + standard deviation (n=3).

At mRNA level we evaluated a panel of genes related to matrix remodelling, MMP1, MMP2 and
COL1A1, which code for the pro-a1(I) chain of collagen type I (Figure 2.14A). Furthermore, we
analysed the expression levels of 2 HA receptors, HMMR and CD44, together with HAS2 and
Hyaluronidase-1 (HYAL1) (Figure 2.14B). MMPs are involved in the breakdown of extracellular
matrix, specifically, MMP-1 breaks down the interstitial collagens, types I, 11, and 11l. MMP-2,
also known as gelatinase A, has a wide range of substrates, which include collagen, elastin,
endothelin, fibroblast growth factor, MMP-9, MMP-13, plasminogen, and TGF-p [429, 430].
CD44 is the major cell-surface HA-binding transmembrane glycoprotein which, after binding with
HA HW is thought to translate anti-inflammatories cues from the ECM [363, 431]. HYAL1 encodes
for a lysosomal hyaluronidase responsible for the hydrolysis of intracellular hyaluronan of all sizes
into fragments and it is usually found overexpressed in many tumours [432-434]. Our analysis
revealed an overexpression of MMP1 in all 3D models compared to 2D, with the highest
expression fold change in fibroblasts cultured on coll/HA HW (3.64+0.31, p<0.0001).
Overexpression of COL1A1 follow a similar pattern with the highest expression fold change in
fibroblasts cultured on coll/HA HW (2.62+0.30, p<0.01). Among the HA-related genes only the
receptor CD44 expression was increased on coll/HA HW scaffolds with a fold change of 2.22+0.15
compared to the 2D control (p<0.05), suggesting its involvement in HA HW recognition in this

model, as previously reported [420].
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Figure 2.14. mRNA level analysis of ECM-remodelling related genes and HA-related genes. (A)
Metalloproteinases genes (MMP1-MMP2) and COL1A1 mRNA expression in fibroblasts at day 7 of culturing on 2D,
3D collagen and 3D coll/HA LW-HW. (B) HA receptor (CD44, HMMR), synthase (HAS2) and hyaluronidase (HAS2)
mRNA expression in fibroblasts at day 7 of culturing on 2D, 3D collagen and 3D coll/HA LW-HW. Data normalized
to ctrl (2D), standard deviation of control not reported. Data are mean + standard deviation (n=3). Two-way ANOVA,
****p<0.0001, ** p<0.01, *p<0.05 .

2.3.3.4 Scaffold mechanics are impacted by cell proliferation and do not induce an activated

phenotype in fibroblasts

To evaluate changes in scaffolds mechanics after cells seeding, we analysed the elastic component
of the scaffolds, called storage modulus, at day3 and day7 after seeding with NFs (Figure 2.15A).
To further confirm results in Figure 7 on this chapter, overall, cells culturing on scaffolds decrease
their overall stiffness (compared to the empty scaffolds shown in Fig.5); specifically coll/ha HW
showed a decrease in storage modulus at day7compared to day3 (3.95+0.13 and 1.98+0.06 kPa
respectively, p<0.0001), suggesting a potential higher proliferation of fibroblasts when cultured
on coll/HA HW, proved before in this chapter (Figure 5 and 7). To further test this hypothesis, we
asked how much the cellular component in the scaffold analysed at day 7, influences the overall
mechanic. We decellularized the scaffolds incubating it with 0.5% SDS and we verified cellular

content using PicoGreen assay (Figure 2.15B). Rheological analysis after decellularization at day7
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showed that cellular part collaborates in the softening of the bulk scaffold stiffness, indeed both
coll/HA LW and coll/HA HW reported significant increase in storage modulus after undergoing
decellularization (7.7+£0.44 and 2.94+0.22 kPa respectively) compared to the corresponding
cellularized scaffolds (4.4+0.31 and 1.98+0.06 kPa respectively, p<0.0001 and p<0.01) (Figure
2.15C).
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Figure 2.15. NFs culturing on coll/HA HW promote decrease in its stiffness. (A) Rheology analysis of coll/HA
LW and HW storage modulus (G’, kPa) at day3 and day7 of NFs culturing. (B) DNA quantification after
decellularization protocols on collagen scaffolds. (C) Rheology analysis of coll/HA LW and HW storage modulus
(G’, kPa) at day7 before and after decellularization. Data are mean + standard deviation (n=3). Two-way ANOVA,
**** n<0.0001, **p<0.01.

Finally, as both stiffness and biological modification are included among the cancer cell hallmarks
[16], scaffold influence on fibroblasts activation was evaluated. The expression of FAP was again
analysed using flow cytometry (Figure 2.16). While FAP expression is promoted by TGFp1
treatment in both 2D and 3D culturing conditions, coll/HA HW doesn’t have any effect on FAP

expression while coll and coll/HA LW resulted in small, non-significant increase.
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Figure 2.16. TGFp1 treatment but not HA LW inclusion in the scaffold fabrication promote FAP expression.
FAP expression after 7 days on 2D ctrl, 3D collagen and 3D coll/A LW-HW was assessed by flow cytometry. FAP
expression after 7 days on 2D and 3D collagen under TGFB1 25 ng/ml treatment was used as positive control of NFs

activation into AFs.

2.4 Discussion

Although there are increasing examples of established 3D cell culture approaches in the form of
gel systems and spheroid cultures, that have dramatically improved our understanding of the role
of 3D culture on tumour cells [395-397], few have employed the porous scaffold matrices that
have made significant improvements in the TE and RM space. There is a need for innovative 3D
tumour models that are capable of recreating distinct tumour mechanical characteristics, that allow
for in vitro tumour modelling under well-defined and reproducible conditions, and the results
presented here explore the opportunities and suitability for collagen sponge scaffolds in this space.

Using a cross discipline material, biochemical and cell/molecular analysis approach, the data
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presented show and defend the suitability of sponge scaffolds as tools to model distinct mechanical

cancer microenvironment cues in vitro.

Typically, in tissue engineering, three individual groups of biomaterials are used in the fabrication
of scaffolds: ceramics, synthetic polymers and natural polymers [435]. Ceramic scaffolds, such as
hydroxyapatite and tri-calcium phosphate (TCP), are used for bone regeneration applications since
they are characterized by high mechanical stiffness (Young’s modulus), very low elasticity, and a
hard brittle surface, mimicking the mineral phase of native bone, enhancing osteoblast
differentiation and proliferation [436], but they have failed in sustaining the mechanical loading
needed for remodelling in clinical applications [437]. Synthetic polymers including polystyrene,
poly-I-lactic acid (PLLA), polyglycolic acid (PGA) and poly-dl-lactic-co-glycolic acid (PLGA)
[438-440], have shown much success as they can be fabricated with a tailored architecture but a
major drawback is in the degradation process of PLLA and PGA as they degrade by hydrolysis,
producing carbon dioxide and therefore lowering the local pH which can result in cell and tissue
necrosis [441]. Finally, natural biomaterials are bioactive, biodegradable and allow host cells to
produce their own extracellular matrix and remodel the scaffold. However, depending on the
scaffold employed they generally have poor mechanical properties, which limits their use in, for

example, load bearing orthopaedic applications.

Collagen was selected as a scaffold material in this research, primarily due to its high
biocompatibility and bioactivity as a natural polymer. Collagen is the most abundant structural
protein in the connective tissues, representing one-third of the total protein content in the body
[442] in humans and its homology across species provides low antigenicity and high
biocompatibility [443, 444]. Generally referred as “collagen sponge”, collagen is employed here
to create a highly porous structure, fabricated following thermally induced phase separation, where
collagen molecules are separated from the water-based solvent is due to freezing cycles before a
vacuum drying process leading to the sublimation of ice crystals [445], resulting in easy control
of the architecture and mechanical properties of the resulting structure [446-448].

These mechanical features can be altered further by modulating collagen concentration, phase

separation temperature, by mixing collagen solutions with other natural polymers such as GAGs
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[446] or by employing crosslinking strategies [400]. As result, the interconnected pore networks
and surfaces or fibres of the scaffold structure provide support for cell adhesion, while also
presenting a niche growth environment with stiff and tuneable mechanical properties, unlike other
3D models such as hydrogels, which have good biocompatibility but most often low mechanical
properties, risk of poor distribution of cells and nutrients in an architecture which is more difficult
to control, therefore, has less reproducibility of the exact architectures desired and high
degradation rates [449]. Both the 3D scaffolds fabricated in this chapter proved very easy handling
and optimal oxygen and nutrient exchange, thanks to their porous nature. They also permitted the
removal of detached cell, cell debris, as well as cell retrieval for further analysis, alongside a
unique opportunity to study soluble factors present in culture media, which can freely diffuse in

the hollow channels between the cell clusters and then be collected for analysis.

Since collagen, as is the case in all-natural polymers, has relatively poor mechanical properties,
differential strategies were explored to introduce or tune this important microenvironment factor
into the culture systems chosen. Mechanical forces within the cancer TME regulate cancer
progression in many solid tumours leading to an increase in stiffness from the normal to the
pathological condition with a value varying based on the tumour under evaluation [450, 451]. For
example colon carcinoma has a stiffness ranging from 1 to 4 kPa [452]; the stiffness of normal
breast tissues is around 4 kPa, while for cancerous breast tissues is approximately 12 kPa [119,
453] . In comparison, tissue-culture plastic has a stiffness of up to 100,000 kPa [454].

To successfully reproduce specific mechanical gradients, two different strategies were
implemented; BDDGE cross linking and modification of collagen composition with EDC-NHS
crosslinking and HA, a natural tumour component shown to be modified in both disease and
distinct disease stages [455-457]. Using the freeze drying and vacuum-based fabrication process
described, both were incorporated and tested for their effect on sponge scaffold mechanics, cellular
compatibility, adhesion, proliferation and differentiation. Many cross-linkers used for collagen
stabilization and mechanical properties enhancement react at amine and carboxylic acid sites,
which are amino acids commonly part of integrin ligands, i.e. Arg-Gly-Asp (RGD) and Gly-Phe-
Hyp-Gly-Glu-Arg (GFOGER). Those binding sites are crucial for collagen interaction with a

variety of cell trans-membrane receptors including integrins and discoidin domain receptors
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(DDRs) [458]. The cross-linking type and amount can therefore influence both scaffold mechanics
and cell adhesion, by limiting the number of integrin ligands available for binding [459, 460]. This
is further amplified as a challenge, as collagen is a protein which only reveals an RGD binding site
sequence following denaturation to gelatin [461]. Instead, interactions with native collagen fibres,
made via fibrillogenesis and crosslinking, operates via GFOGER binding, which is dependent on
collagen’s helical structure [462]. Minor alterations of this sequence also act as ligands, but
GFOGER has the highest binding affinity, leading to the greatest attachment [463, 464]. The
removal of these vital groups can alter cellular differentiation, adhesion and migration [465, 466].

A widely used crosslinker, glutaraldehyde (GA), which incorporates into the scaffolds has proven
to be a very effective scaffold stabilizing approach, however it is associated with a high levels of
cytotoxicity [467]. Other strategies, such as incorporating epoxy-based cross-linkers into collagen,
have been shown to enhance its mechanical properties [468, 469]. BDDGE, as a bi-functional
epoxy-based chemical cross-linker, is water soluble and has been found to produce materials with
high tensile strength and improved elasticity [470, 471]. Cross-linking of bi-functional BDDGE is
pH dependent and occurs through secondary amine bond formation via epoxide ring opening by
amine groups of collagens under slightly basic pH conditions, and occurs mainly via the amine
groups of (hydroxy)lysine, with an observed decrease in histidine while the amounts of carboxylic
acid groups unchanged [471]. As a result, there is a low competition of the crosslinker with cells’
adhesion receptors binding to either RGD and GFOGER motifs indeed cells adhesion and viability

on this scaffold is optimal.

1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride (EDC), is another water soluble,
carbodiimide, cross linker. EDC does not incorporate in the final structure and also catalyses a
reaction between carboxylic acids and amine groups, lowering potential cytotoxic effects due to
the cross-linker itself [472] as well as competition for cells’ binding sites. For those reasons we
employed and optimize this strategy to fabricate coll HA scaffolds, allowing recording of cells’
response depending only on HA LW or HA HW incorporation and its resulting mechanical
properties. Comparing the resulting scaffolds mechanics, the closest range to cancer tissues is
represented by the scaffolds fabricated using the crosslinking method with BDDGE which resulted

in a stiffness range of 11.27+0.62 kPa for 1%wt, 3.63+0.46 kPa for 0.1%wt and 1.81+0.24 kPa for
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0.01% BDDGE; while the HA final constructs spanned in a smaller stiffness range difference
between the pathological, 14.6+1.21 kPa for coll/HA LW, and normal 9.12+0.56 kPa for coll/HA
HW scaffold. As previously reported in literature, stiffness range comparable to either cancer
tissue or its normal counterpart [473], as demonstrated for breast, brain and prostate cancers [14,
91, 323, 352-354], were achieved with BDDGE crosslinking which will be the elective model for

mechanobiology studies later on in the thesis.

Although materials such as Matrigel® offer a nutrient rich TME, their low stiffness lies within the
native stiffness range of a limited amount of human tissues, including brain tumour models, 180
Pa. For collagen-based hydrogels, instead, the most common way to modulate stiffness is to
increase collagen density achieving 330 Pa (low density, 2mg/ml) and 1.6 kPa collagen (higher
density 4.0 mg/ml) [352, 474, 475]. Also spheroids and hanging drop formations will have limited
collagen density other than what the cells produce, with a corresponding low stiffness, measurable
through AFM, in the range of 100-500 Pa [476]. Microfluidic devices will also not have any
collagen unless injected, mainly hydrogels. Hydrogels have a collagen concentration of 0.2% or
less, whilst Matrigel® is available at 0.2-0.4%. Usually hydrogels have a collagen concentration
of 0.2%, while in native tissues, like tendons, the collagen density is 12% and accounts for 1-10%
of skeletal muscle dry weight [477]. This collagen density directly impacts the stiffness of the
ECM the 3D model provides, even if stiffness is not only dependent on collagen itself, but rather
a combination of all ECM components as a whole [478], the purpose of including HA in the

scaffold fabrication.

The stiffness of hydrogels can be tuned through various methods, depending on the compositions
and crosslinking mechanisms of the hydrogels [479]. For example, synthetic hydrogels using
polyacrylamide (PA) be adjusted by tuning the concentrations of the monomer and crosslinker
achieving a tuneable elasticity of 0.5-50 kPa [480, 481], or hydrogel stiffness can be dynamically
increased through diffusing additional photoinitiator and reactive polymers to allow for a
secondary photo crosslinking. However, PA gels are synthetic, so they do not contain any of
the components of in vivo extracellular matrix and even if functionalized with ECM derived
proteins and fibres, the adhesion sites will be limited to one surface of the cell, causing the cells to

take on a 2D morphology similar to that of cells on glass or a petri dish [482].
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Among all the hydrogels, gelatin-based hydrogels are increasingly used to mimic TME, because
of their inherent bioactivity and protease degradability, they can be crosslinked via chain-
polymerization, or chemically modified via gelatin-methacryloyl (GeIMA) reaching a maximum
of 13 kPa, or via orthogonal click chemistry, such as the thiol-norbornene photo click reaction and
tetrazine-norbornene click chemistry [483-486]. Also, chemically modified-HA based hydrogel
uses photopolymerization as secondary crosslinking to control stiffness once a primary network is
form, achieving a reported range of 0.5-1.5kPa [487, 488].

A little more tricky is to tune natural-derived materials stiffness in hydrogels, for example wedge-
shaped collagen fibroblast-seeded construct were fabricated, then the construct was compressed
into a thin gel sheet, thus creating a stiffness gradient across the construct reporting a very high
range of 1 to 2 MPa, which they claim being similar to the native tissue range (e.g. skin, tendon)
[489]. Unfortunately, the process of compressing the wedges alters the density of fibres within the
matrix, too which could impact on the experimental result, since cell invasion is highly affected
by the size of 3D gel pore sizes [490, 491]. Another study used deposited Matrigel on a wavy
polydimethylsiloxane (PDMS) mould, resulting in an environment of continuously changing
stiffness while keeping constant the fibre density, protein concentration, and other factors, which
allowed the cells seeded on the Matrigel surface to sense the differential stiffness across the surface
[492]. Compared to the listed hydrogel techniques, porous scaffold employed to replicate in vivo
mechanic, uses a natural derived material with no modification in its sequence or folding structure,
keep a constant fibre density, optimal porosity, and finely tuned crosslinking to allow cells
adhesion and invasion. Furthermore, the process of fabrication has been optimized to be quick,
tuneable, and scalable.

As another advantage, scaffold-based culture system can maintain higher cell densities than
conventional two-dimensional (2D) cell culture [493]. Interestingly, 3D porous scaffold models
also allowed us to assess matrix changes over time during cell culturing and consequently
mechanical changes, reporting an impairment of AFs contractile abilities on stiff matrices such as
the 1% scaffolds. This didn’t impact cellular proliferation rate which resulted to be high on stiffer

materials, i.e. 1% BBDGE and coll/HA LW scaffolds. When this proliferation increase was
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observed, it correlated with mechanical effect, determining a storage modulus variation under cell
culture. An increase in cells proliferation was linked to a softening of the matrix, suggesting the
suitability of rheological analysis to detect mechanical variation over time derived from biological
changes. The effect of stiffness as promoter of cellular proliferation is well known in many cells
types such as smooth muscle cells [494], fibroblasts [489, 495] , bone marrow mesenchymal stem
cells (BMMSC) [496], which then contribute to further disease progression [497-499]. On the
other side the effect on matrix softening on cellular phenotypes will be further explored in the next
chapters.

Mechanical forces have been demonstrated to alter the gene expression and regulation of cell
signalling, providing appropriate substrate stiffness vital to living cell functions. Matrix rigidity is
increasingly appreciated as an important mediator of cell behaviour. It regulates cell signalling
broadly, with effects on growth, survival, and motility [498]. Indeed, we evaluated mMRNA
expression in response to HA inclusion, since changes in HA-mediated cellular signalling occur
when a small percent of the fragmented pool passes a threshold that is enough to tip the balance
and change the outcome of cellular function. In the TME, HA LW has the potential to influence
stromal cells, infiltrating inflammatory cells and cancer cells, facilitating tumour cell adhesion and
migration [500-504]. We first evaluated both metalloproteinases MMP1 and MMP2, since it is
known that fragments HA, which are typically produced at sites of inflammation or in a tumour
site, can activate dendritic cells or promote cancer cells upregulation of matrix metalloproteases
(MMPs) [505, 506].

Furthermore, we evaluated the expression of a-chain of the type 1, indicative of collagen
deposition. In parallel we evaluated fibroblasts ability to detect HA changes in the environment
analysing receptors CD44, HMMR expression and fibroblasts ability to affect HA content through
HYALL hyaluronidase and HAS2 synthase expression. Indeed, although HA fragments can
originate from hyaluronidases breakdown of high molecular HA, HAS isoenzymes might also be
regulated to synthesize specifically smaller HA molecules [507]. CD44 is a membrane receptor
for hyaluronic acid; previous studies have shown that CD44 is highly expressed in cancer cells and
may be proteolytically cleaved at the ectodomain by MMP1 (induced by HA LW); this process of
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inducing CD44 cleavage plays a critical role in cancer cell migration [508, 509]. Surprisingly, NFs
expression of MMP1 and CD44 was higher on coll/HA HW scaffolds, indicating a responsive
behaviour of NFs to long, anti-inflammatory HA instead of the well-known HA LW. Those results
will need further investigation to better understand the signal exerted by HA HW on NFs through
CD44 receptor in a non-pathological setting, and to clarify if MMPL1 is in charge to cleave CD44

in this context, too.

Comparing the two strategies employed in this chapter, it is evident the strong potential of both in
cancer research investigations. More in line with the subsequent research hypothesis in this thesis,
the closest range to cancer tissues is represented by the scaffolds fabricated using the crosslinking
method with BDDGE, while the HA final constructs spanned in a higher stiffness range. To
conclude, employing BDDGE crosslinking strategy to study mechanical constrains in cancer
microenvironment represents the most scalable, reproducible, and meaningful strategy in line with
this thesis aim. Our characterization and evaluation of sponge scaffolds biocompatibility provide
an accurate starting point to understand the cellular and molecular mechanisms involved in cancer-
microenvironment interactions. Above all, these models contribute to overcome the use of
conventional 2D culture systems and to acquire overall awareness towards the implementation of

3D culture systems in our daily in vitro experiments and screenings.
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Chapter 3: Studying Activated Fibroblast Phenotypes and Fibrosis-
Linked Mechanosensing Using 3D Biomimetic Models

The work presented in this thesis chapter contributed directly to the following peer reviewed
journal article:

F. Paradiso, M. Quintela, S. Lenna, S. Serpelloni, D. W. James, S. Caserta, R. S. Conlan, L. W.
Francis, F. Taraballi. Studying Activated Fibroblast Phenotypes and Fibrosis-Linked
Mechanosensing Using 3D Biomimetic Models. Macromolecular Biosciences 2022
https://doi.org/10.1002/mabi.202100450 (IF 4.9)
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3.1 Introduction

Pathological conditions such as chronic or repeated injuries and irritation can lead to failure to heal
and subsequent tissue fibrosis [510], as a dysregulated outcome of the tissue repair response
following injury [336]. Indeed the relationship between cellular and ECM components of tissues,
titled Dynamic reciprocity, has been shown to be a crucial factor in orchestrating both normal

physiological function(s), and disease development [511].

The ECM of fibrotic tissue is characterized by increased collagen and fibronectin synthesis [512],
while local tissue fibroblasts become activated and increase their contractility and secretion of
inflammatory mediators [513]. In a physiological setting, these changes initiate a wound healing
like response. When damage is minor or non-repetitive, a transient increase in the deposition of
ECM components supports efficient wound healing and restoration of functional tissue
homeostasis. However, when the injury is repetitive or severe, ECM components accumulate
excessively, with consequent tissue architecture disruption, organ dysfunction, and ultimately
organ failure [514, 515]. The resulting increase in matrix stiffness, traditionally viewed as an end
point of organ fibrosis, is now recognized as a critical regulator of tissue fibrogenesis, that
promotes organ fibrosis, while hijacking the normal physiologic wound-healing program [516].

The subsequent ECM-cell interactions result in tensional, compressive, and shear forces that are
translated into biochemical signalling through a process known as mechano-transduction [99].
Through this signalling process, matrix stiffness has been shown to control a range of cellular
activities, including migration, adhesion, phenotypic modulation, and survival linked to oncology
[517], alongside activation of a ‘myofibroblast program’ in fibroblastic cells [518, 519]. Indeed,
matrix remodelling in fibrotic tissues is thought to be similar, to that in the formation of

premetastatic niches [520].

In many solid tumours, the formation of fibrotic tissue is referred as a desmoplastic response [521,
522]. Desmoplasia is a fibrotic state, with matrix dysregulation characterized by increased

deposition, altered organization, and enhanced post-translational modifications of ECM proteins,
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often seen in chronic inflammation 15]. At the cellular level, desmoplasia involves fibroblast cell
expansion and activation, alongside elevated angiogenesis, therefore resembling many of the facets
of chronic tissue fibrosis [523]. This process occurs in many advanced carcinomas, including
breast cancer, and is responsible for the clinical presentation of a tumour as a 'lump’ [524-526].
Investigating how matrix remodelling that occurs in tumour settings, and the resulting tumour-
associated tissue fibrosis, may help to create an environment for primary and secondary tumour
colonization of the tissue is one area of intense activity [527]. Indeed, in some of the most well-
studied tumour types such as breast, pancreas, lung, and colon, tumour growth is usually associated
with a dense fibrotic stroma and their aggressiveness is often associated with higher collagen levels
alongside extensive dense, linearized, and cross-linked tissue ECM [398, 452, 528, 529]. As a
result, malignant tissue are typically stiffer than their normal counterpart, with studies showing
that normal breast tissue is up to 20 times softer than its neoplastic counterpart [530]. Breast and
pancreatic tumour stiffness has been exploited to detect cancer mass either by physical palpation
or using imaging modalities such as magnetic resonance imaging, computerized tomography, or
elastography [531, 532].

At a cellular level, pathological fibrosis is driven by a feedback loop in which the fibrotic ECM is
both a cause and consequence of fibroblast activation, known as myofibroblasts or herein referred
to as activated fibroblasts (AFs). The origin of myofibroblasts has been shown to be tissue
dependent [533] and they can be activated by many stimuli such as reactive oxygen species,
pathogen-released activators, and many other soluble molecules secreted by infiltrating cells [534,
535]. Specifically, transforming growth factor-beta (TGFB1) is a potent fibroblast activator,
enhancing fibroblast contractile capacity, inducing the incorporation of smooth muscle a-actin (a-
SMA) within cytoskeletal stress fibres and increasing focal adhesion clustering, all of which
represent a typical phenotype in fibrotic pathologies or aberrant wound healing [536-538]. In
parallel, as a result of structural ECM changes, biomechanical signals are also thought to initiate

and sustain tissue fibrosis [99, 539].

TGF-p1 is also thought to promote tumour initiation and progression [540, 541]. In many solid
tumours, reciprocal TGFB1 signalling between cancer cells and the TME promotes cancer

progression by activating fibroblasts into cancer-associated fibroblasts (CAFs) [542, 543]. CAFs
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usually exert a pro-tumorigenic effect, enhancing tumour phenotype and promoting tumour
growth, cancer cell proliferation, angiogenesis, invasion, and metastasis [1, 544, 545]. Indeed,
fibroblasts adjacent to the tumour express genes mainly related to stress and inflammation [546],
and as observed in breast cancer, macrophage dysfunction can enhance the process of
inflammation, contributing to metastasis [547]. Resulting from CAF activation and consequent
production of a dense connective tissue, altered biomechanical properties often induce tumour

metastasis, angiogenesis, and hypoxia [93, 94].

In line with this, cultivating tumour stromal cells in 3D systems can allow more in-depth
investigations by fully recapitulating the cell-matrix interactions observed in tumour tissue. Precise
3D scaffold fabrication enables the production of tissue-like materials, closely mimicking native
tissues for various applications, from regenerative medicine to cancer research [548-554].
Exploiting porous scaffold collagen-based material, we investigate stiffness effects on both normal
fibroblasts’ (NFs) and activated fibroblasts’ (AFs) cellular migration, morphology, functionality,

and gene expression profiles (Figure 3.1).

Among the fabricated scaffolds explored in the previous chapter, here two scaffolds were selected
to fully replicate both soft/physiological (So, 0.01% BDDGE) and stiff/fibrotic-like (St, 1%
BDDGE) tissue matrix environments. The work presented in this chapter, further establishes the
advantages of 3D modelling and the tuning properties of porous scaffolds while establishing a
foundation for further exploration of the role of the stroma in fibrotic/desmoplastic tissue
responses. As such, these scaffold-cell models represent a meaningful and reliable platform to
combine biological and biophysical cues in a 3D system, envisioning a stroma-ECM model for
fundamental research of pathologies characterized by the dysregulation of ECM homeostasis, drug

discovery and personalized medicine.
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Figure 3.1. Schematic representation of scaffolds employed to mimic normal and pathological tissue mechanic.

Image made with Biorender.

As activated fibroblasts play a fundamental role in cancer, where they are called cancer associated
fibroblasts (, we tested ovarian cancer cell line SKOV.3 conditioned media (CM, also referred as
secretome) ability to promote fibroblast activation, reproducing fibroblast activated phenotype
promoted by TGFB1 using ovarian cancer cell derived secretome (Figure 3.2). As extensively
described in literature, tumours are surrounded by complex microenvironment made of cellular
components (fibroblasts, endothelial cells, adipocytes, immune cells, and neuroendocrine (NE)
cells), and acellular ones (extracellular matrix (ECM), extracellular vehicles (EVs), and cytokines)
[555]. Among the acellular components of the complex TME, the cell secretome refers to the
collection of secreted proteins including numerous enzymes, growth factors, cytokines and
hormones or other soluble mediators [555]. The secretome encompasses both proteins, which
contain a signal peptide and are processed via the endoplasmic reticulum and Golgi apparatus
through the classical secretion pathways, as well as proteins shed from the cell surface and
intracellular proteins released through non-classical secretion pathway or exosomes [556]. In the
tumour setting, factors secreted by stromal fibroblasts or CAFs, transduce signals to cancer cells
as well as to themselves establishing reciprocal reinforcement of growth and progression signals
in various types of cancer [282, 557, 558]. Among those factors, as demonstrated in early chapters,
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TGFB1 is a ubiquitously-expressed cytokine that mediates a wide spectrum of biological processes,
including the promotion of fibroblasts activation [559]. TGFB1 can be produced by the tumour cell
itself or other cells in the tumour microenvironment including stromal cells, macrophages and
platelets [560].
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Figure 3.2. Schematic representation of experimental plan used to investigate SKOV.3 derived CM influence
on fibroblast activation.

3.3 Results

3.3.1 S0 (0.01% BDDGE) and St (1% BDDGE) collagen scaffolds mimic normal and fibrotic
tissue

As one of the main components of interstitial matrix, collagen type | is an elective biomaterial
used in in vitro scaffold model development [569]. As collagen crosslinking can influence tissue
strength and elasticity, we exploited two different percentages of the cross linker BDDGE to

specifically reproduce the mechanical features of both native and dense fibrotic tissue [93, 570].
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The optimized conditions of 1% BDDGE was chosen to mimic tumour-fibrotic/stiff tissue (St) and
0.01% to mimic normal/benign/soft tissue (So), as described in chapter 2. Scaffold mechanics were
analysed at the nanoscale using AFM, showing a 36-fold increase in stiffness between St (144.58
+ 0.010 kPa) and So (4.35 £ 0.005 kPa) (p<0.0001); Figure 3.3A). Representative force curves

recorded during the analysis were reported in Figure 3.3B.
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Figure 3.3. Mechanical features of native normal/cancer tissue are mimicked in a 3D collagen-based in vitro
system, using different percentage of crosslinker 1,4-butanediol diglycidyl ether (BDDGE). (A) Atomic Force
Microscopy analysis of Young modulus (kPa) in St and So scaffolds. (B) Representative plots of force/separation
curve for mechanical characterization using AFM. Two extended ramp force for St and So scaffolds are reported since

they were used for Young’s modulus calculations.

Shear rheometry was used to calculate the mechanical parameters of the bulk scaffolds [385], in

order to characterize the elastic, elastoplastic, and viscous flow behaviour of both St and So at the
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tissue scale. St storage modulus and loss modulus at 1Hz (11.271 + 0.619 kPa and 0.67 + 0.187
kPa, respectively) were significantly increased compared to those of So (1.816 + 0.24 kPa and
0.259 * 0.043 kPa, respectively) (p<0.0001, p<0.05) (Figure 3.4A), indicating greater
viscoelasticity of St compared to So scaffolds. Representative curves indicating samples frequency
sweeps run at fixed 0.1% applied strain are reported in Figure 3.4B. Furthermore, the scaffold tan
& was analysed as G”/G’, and both scaffolds showed values less than 1, confirming their solid-like
behaviour. St scaffolds showed lower tan & (0.06 £ 0.003) compared to So (0.14 + 0.008),

indicating a greater ability of the So material to absorb energy and relieve stress when compared
to the St material (Figure 3.4C).
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Figure 3.4. Rheology analysis confirming solid-like behaviour of St/So scaffolds with higher elastic modulus in
St scaffolds. (A) Rheology analysis of storage modulus (G’, kPa) and loss modulus (G”, kPa) in St and So scaffolds.
Data are mean + standard deviation (n=3). T test with Welch’s correction, ****p<(.0001, *p<0.05. (B) Frequency
sweeps were run at fixed 0.1% applied strain. During the frequency sweep, the frequency is varied while the amplitude
of the deformation (shear stress) was kept constant at 0.1%. (C) tand (G”/G’) analysis of St and So. Data are mean +

standard deviation (n=3). T test with Welch’s correction, **p<0.01.

Analysis of SEM images of both So and St showed the typical porous structure of a 3D sponge
scaffold (Figure 3.5A). Porosity measurements showed that St scaffolds exhibited an average pore
size of 5000 + 400 um?, corresponding to an average diameter of 80 pm, compared to an average
So pore size of 2564 + 698 um? and an average diameter of 57 pm (Figure 2B; p<0.01), with
comparable pore circularity (Figure 3.5B). Fourier transform infrared spectroscopy (FTIR) and
thermo-gravimetric Analysis (TGA) were used to characterize scaffold composition after
crosslinking. FTIR spectral analysis for both St and So showed that the amide | (1700-1600 cm’
1), amide 11 (1600-1500 cm™), and amide Il (approximately 1200-1300 cm™) peaks, which
constitute the characteristic signature of collagen material, were reported in both St and So sample
profiles, with no significant differences observed (Figure 3.5C). Similarly, no significant
difference was observed between St and So samples using TGA analysis. Both materials
underwent endothermic reaction at around 100°C (evaporation of the water moisture present in the
material), while thermal transition and material degradation happened after 200°C of the heating
ramp, for both samples (Figure 3.5D). Finally, to validate scaffold suitability for cell seeding,
contact angle (CA) measurements were used, showing both scaffolds had hydrophilic properties

(CA < 90°), with no significant differences observed between the two materials (Figure 3.5E).
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Figure 3.5 St scaffolds showed higher average pore sizes, but same composition and hydrophilic properties
compared to So. (A) Bright-field images of whole scaffolds (left), SEM magnification of the scaffolds (right). (B)
SEM analysis of average pore size (um?) and circularity. Data are mean + standard deviation (n=3). T test with Welch’s
correction, **p<0.01 (C) FTIR spectra of St and So scaffolds. The spectra highlighted the presence of typical collagen
Amide I, Amide II, Amide Ill. (D) Thermo gravimetric Analysis (TGA). (E) Water contact angle (WCA)
measurements.

3.3.2 Scaffolds support fibroblasts colonisation and activation with TGFp1.
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In order to develop a model to study NF and AF response to stiffness within a 3D environment
and assess the suitability of the 3D collagen scaffolds for stromal studies, MRC5 cells were used
and were activated (AFs) at D3 after seeding on scaffolds using a dose range of TGFB1. As
demonstrated in chapter 2, TGFB1 treatment stimulated conversion of NFs into AFs on 2D culture.
First, we tested if cells seeding in a 3D environment could interfere with fibroblasts activation
under TGFp1 treatment. To do so, we compared 2D culture with 3D collagen scaffold (we used

the normal/soft scaffold for testing), evaluating gene expression of AFs markers FAP and aSMA.

Fibroblasts were treated with TGFB1 at day3 and day6 after seeding on 3D scaffolds. Compared
to 2D culture, 3D scaffold culture showed an increase in gene expression of both FAP and ACTA2
(a-SMA) after TGFB1 treatment, highlighting the substrate dimensionality effect on fibroblast
activation (Figure 3.6A). To determine the elective dosage to induce fibroblasts activation in a 3D
environment, we analysed AFs markers expression compared to the untreated scaffolds (NFs
culture), reporting a significant increase in ACTA2 (a-SMA) (3.8-fold) and FAP (4.6-fold)
expression following treatment with 25 ng/ml of TGFB1 on soft scaffolds (p<0.001 and p<0.0001).
Similarly, increased expression of ACTA2 (a-SMA) (2.7-fold) and FAP (2.5-fold) were observed
when treated with 50 ng/ml of TGFB1 (p<0.01 and p<0.05) (Figure 3.6B).
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Figure 3.6. TGFB1 treatment stimulates conversion of NFs into AFs (3D culture). (A) ACTA2 (aSMA) and FAP
MRNA expression under 0-25-50 ng/ml TGFp1 treatment. Data normalized on 2D control. Data are mean + standard
deviation (n=3) (B) ACTA2 (a«SMA) and FAP mRNA expression under 0-25-50 ng/ml TGFpB1 treatment. Data
normalized to untreated 3D So scaffold control. Data are mean + standard deviation (n=3). T test with Welch’s

correction, *p<0.05.

Fibroblast activation was confirmed under 25 ng/ml TGFB1 following FAP expression using flow
cytometry on both 2D and 3D So and St scaffolds (Figure 3.7). As result, the optimal TGFB1 dose

to induce NFs conversion to AFs was confirmed to be 25 ng/ml TGFI.
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Figure 3.7. TGFp1 treatment stimulates conversion of NFs into AFs (3D cultures). FAP expression assessed with

flow cytometry on 2D, So, and St scaffolds after 25 ng/ml TGFB1 treatment. MFI = minimum fluorescence intensity.

After establishing the protocol to activate fibroblasts, their ability to attach, grow, and colonize the
differential mechanical scaffolds was determined. Cell death was monitored after 7 days of seeding
in 2D and 3D (St and So), using calcein/ethidium bromide staining, and assessed by flow
cytometry and epifluorescence microscopy. When analysed quantitatively for viability, NFs and
AFs were both viable, exhibiting calcein-positive staining on both St (NFs: 84%z+7.2, AFs:

87.3%x6.1) and So (NFs: 81%+6.4, AFs: 84.3%+6.9) (Figure 3.8). Fluorescence images of the
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whole scaffolds were collected setting an automatic focus on the green channel (live cells/calcein)
for all the scaffold areas collected (only one plane) , and then performing a final stitch to obtain
the whole scaffold rendering. From those pictures, NFs and AFs showed a homogeneous
distribution at day7 on all the scaffold surface with no differences or specific distribution patterns
(Figure 3.9).
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Figure 3.8. NFs/AFs were viable and proliferated on both St and So scaffolds. (A) Representative plots of cell

live/death staining analysed with flow cytometry and (B) statistical analysis.

109



Figure 3.9. NFs/AFs were viable and colonized both St and So

scaffolds. Cell live/death staining analysed with fluorescence

NFs

microscopy. Analysis and imaging were performed after 7 days of
culture. Scale in images of whole scaffold: 500 pm, scale in
magnified images: 100 um. Data are mean + standard deviation
(n=3).

AFs

Death cells

3.3.3 Fibroblast migration and morphology is altered in stiffer mechanical environment

Durotaxis is a type of directed cell migration in which cells respond to a gradient of extracellular
stiffness [571]. For example migration of fibroblasts toward areas of established fibrosis,
characterized by high stiffness, amplifies the fibrotic response [403, 572]. Rigidity sensing and
durotaxis are thought to be important elements in wound healing, tissue formation, and cancer
[573]. To study this phenomenon in 3D sponge system we evaluated fibroblast migration pattern
and length on 3D scaffolds, using live cell confocal imaging analysis of NFs and AFs cultured in
3D, stained for calcein (live cells) and DAPI (nuclei) (Figure 3.10). A step size of 10 um and a
total of 800 um size range was recorded for each scaffold, within 2hrs cycle interval over 24 hrs
between day3 and day4 of culturing under normal media condition or under TGFB1 addition.
Analysis was performed using the Cell Sens software object tracking input on each image collected
in the z interval before the stitching to obtain the whole scaffold rendering. Analysis was performed
on DAPI (nuclei) channel for track length and displacement while cells circularity was determined

using the calcein channel. Rendered movement tracking showed that AF directionality in So
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scaffolds followed a specific pattern, converging towards the centre of the scaffold, while NFs had
more random motility, with no specific direction (Figure 3.10A, top). Conversely, NFs and AFs
grown on St scaffolds showed very few and short movements (Figure 3.10A, bottom). Overall,
the migration path of both NFs and AFs grown in St scaffolds was significantly decreased in both
track length and displacement compared to So (Figure 3.10B-C; p<0.05), suggesting an
impairment of cell migration on the stiff material. Cellular morphology was also impacted by
substrate stiffness, with both NF and AFs showing statistically higher cell circularity when
cultured on St materials (Figure 3.10D, p<0.01 and p<0.05), in part explaining the limited motility.
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Figure 3.10. NFs and AFs grown on St scaffolds showed shorter migration distance across scaffold and higher
cell circularity compared to those on So. (A) Live imaging rendering of the whole 3D scaffold (800-pm height) of
NFs and AFs grown on St and So scaffolds from day 3 to day 4. Migratory tracks are shown using a rainbow scale.
Scale bar: 600 um. (B) Track length (in um), (C) track displacement (um), and (D) cell circularity were analysed
using cellSens software. Data are mean + standard deviation of 30 areas, *p<0.05, **p<0.01,***p<0.001,
***%n<0.0001.

3.3.4 Collagen fibre alignment is prevented on St scaffolds

The orientation of collagen fibres appears to play a critical role in tumour progression and fibrosis
[574-576]. Specifically tumour-associated collagen signatures (TACS) are classified as markers
of tumour progression [577]. When remodelling of the stroma progresses to the final stage,
collagen fibres become bundled and aligned perpendicular to the tumour boundary, termed TACS-
3, creating highways on which tumour cells are observed to migrate in vivo, and correlates with
increased invasion and metastasis in mouse models [528], and it represents an independent
prognostic signature that correlates strongly with poor patient survival [82]. The main players in
this are fibroblasts which are capable of using Rho and Rho kinase (ROCK)-mediated actin-
myosin contractility to orient collagen fibres [578-580]. Additionally, fibroblasts can deposit
matrices containing aligned fibronectin or collagen in vitro [581]. While it is known that enhanced
collagen deposition leads to a significantly stiffer ECM, and collagen matrices can be stiffened via
cross-linking without altering the network architecture, it is unclear how aligning collagen matrices

affects other architectural and mechanical features [582].

To investigate if fibroblasts activation and scaffolds plasticity will result in a modified collagen
fibre alignment, we computationally analysed collagen orientation from different areas of the
scaffold using a Fluo View™ 3000 confocal microscope after 7 days of culture. The predominant
orientation, for both NF and AFs, was around 0 degrees among all the So samples, whereas the
orientation was more dispersed, shifting to mostly -45 and 45 degrees in both cell types on the St
materials. Interestingly, AFs on St scaffolds showed a hybrid pattern with a prevalent distribution

between -45 and 45 degrees and no predominant direction (Figure 3.11A). 6 images for each
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scaffold were obtain from the maximum projection of a 200 um z stack and analysed with Fiji
plugin OrientationJ. Representative images of a collagen fibre and scaffold areas (utilized for
analysis) are shown in Figure 3.11B-C. This data, alongside the rounded phenotype and reduced
track length and displacement, support the inactivity of AFs on this stiffer scaffold.
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Figure 3.11. Representative images and directionality histograms of a single collagen fibre and a scaffold image.
(A) Collagen orientation analysis at 7 days of culture. (B) Representative brightfield pics of a single fibre and a (C)
scaffold image collected and analysed with Fiji plugin OrientationJ.
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3.3.5 Scaffold remodelling and stiff substrate-promoted mechanotransduction

To test fibroblasts’ contraction activity and ability to remodel collagen scaffold microenvironment,
we recorded diameter changes over 7 days in culture. The shrinking effect on both So and St
scaffolds was recorded from day 3 with live cell imaging, demonstrating that both NFs and AFs
actively contract the So matrix between days 3 and 4 of culture (Videos from 1-4). Starting at 4
days to 7 days of culture, scaffold shrinkage was higher in So scaffolds culture with AFs compared
to NFs (NFs/AFs : day4 5512.4um +130.5/3884.3um +158.9; day5 4739.6pum +420.5/3921.6 um
+17.9;day6 4546.5um+612.4/3363.9um+72.1; day7 4345.4um +655.1/3341 um +151.4, p<0.05)
demonstrating the susceptibility of So materials to remodelling as well as higher contractility
function of AFs compared to NFs in So scaffolds. No significant change in St scaffolds shrinkage
was recorded for either NF or AF cells after 7 days (Figure 3.12). Neither NFs or AFs showed an
ability to promote St collagen scaffold contraction between days 3 and 4 (Videos, calcein-only

staining and multiview).
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Figure 3.12. So scaffolds’ diameter decreases more under AFs culturing than NFs, while St scaffolds diameters
doesn’t change. Scaffold diameter analysis over 7 days of culture of NFs and AFs on So scaffolds (top) and St
scaffolds (bottom). Data are mean + standard deviation (n=3). Data are mean + standard deviation (n=3).

H&E staining suggested that So scaffold shrinking resulted in a dense matrix (eosin, extracellular
matrix) after 7 days, with cells more in contact with each other (haematoxylin stain, purplish blue)

whereas St scaffolds don’t vary its structure (Figure 3.13).
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Figure 3.13. Scaffolds histology shows a denser matrix on So scaffolds after culturing AFs and NFs. H&E
staining of empty and cellularized scaffolds with NFs and AFs at day 7. Scale in images of whole scaffold: 500 pum,

scale in magnified images: 100 pm.

3.3.6 Fibroblast inactivity promoted by St scaffolds doesn’t impact cell cycle transitions or
proliferation
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It is classically believed that resident fibroblasts in any tissue become activated during wound
healing and revert to their inactive state upon resolution, however, in cancer, this activation often
becomes irreversible, leading to formation of CAFs [1]. Also during fibrosis regression, fibroblasts
are not fully eliminated but become inactivated, reverting to a quiescent, antiproliferative state
[583].

To investigate if migration and remodelling blockage promoted by St scaffolds on NFs and AFs is
linked to an induction of fibroblasts ‘resting’ or ‘quiescence’ state, cell cycle and proliferation was
evaluated using propidium iodide to quantify DNA content (Figure 3.14) and CellTracker™
Green 5-chloromethylfluorescein diacetate (CMFDA) staining (Figure 3.15). Cell cycle analysis
by quantitation of DNA content was one of the earliest applications of flow cytometry [584]. In
this application, cells that are in S phase will have more DNA than cells in G1. They will take up
proportionally more dye and will fluoresce more brightly until they have doubled their DNA

content. The cells in G2 will be approximately twice as bright as cells in G1 [585].

Representative histograms of Pl cell cycle analysis are reported in Figure 3.14A. Using
quantitative analysis to assess the cell cycle state of the cell from DNA content showed a higher
number of cells in the G1 and S phases was observed in 2D compared to 3D (p<0.05), with no
significant differences observed between NFs and AFs grown on So and St scaffolds (Figure
3.14B). To assess if the recorded number of cells in G1 will transition to S phase for synthesis of
DNA, resulting in cell division and subsequent mitosis [586], we assessed proliferation using
CMFDA (Figure 3.15). Representative histograms used for analysis are reported in Figure 3.15A.
Overall, fibroblasts in 2D presented a slightly higher number of cell generations (up to generation
8) compared to 3D but no significant difference in number of generations was reported with this
analysis (Figure 3.15B). We concluded that St scaffolds impairs fibroblasts functionality but not

proliferations and generations formations.
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Figure 3.15. St materials culturing doesn’t affect proliferation. (A) CellTracker™ Green 5-

chloromethylfluorescein diacetate (CMFDA) generation analysis flow cytometry raw data and (B) analysis. Analyses

were performed after 7 days of culture.
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3.3.7 St scaffold mechanics don’t change under NFs/AFs culturing condition, while inducing

Y AP overexpression.

Utilising rheology, we evaluated whether the recorded macroscopic changes in scaffold diameter
resulted in physical properties changes after 7 days of culture. A significant decrease in the So
material storage modulus was observed at day 7 when cultured with NFs or AFs, compared to both
empty scaffold (So DO, p<0.01) and So scaffold on day 1 (So-NFs/AFs vs DO; p<0.01 and p<0.05).
No changes were observed in St elastic properties (Figure 3.16). No significant variation was
observed in scaffold material loss modulus for either So or St scaffolds (Figure 3.16, right),
further highlighting the plasticity of the softer So material to remodelling and the suitability of
rheology analysis to test bulk tissue mechanic of fresh biological samples.
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Figure 3.16. So, scaffolds remodelling result in So scaffolds softening. Rheology analysis of storage modulus (G’,
left) and loss modulus (G”, right) in St and So scaffolds. Data normalized to DO controls. Data are mean + standard
deviation (n=3). T test with Welch’s correction, **p<0.01, *p<0.05.
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Mechanical changes in the microenvironment can strongly affect cells at the transcriptomic level
through a process called mechanosensing [587]. We evaluated the expression of two master
mechanosensors and transcriptional activators, Yapl and Taz, which are known mechanosensors
and oncogenes, triggering cancer initiation and growth of most solid tumours [588]. Specific
overexpression of the oncogene and mechanosensor YAP was observed on St scaffolds (Figure
3.17). Interestingly, many evidences indicates that YAP activation and overexpression is
implicated in resistance to targeted therapies, chemotherapy (like DNA damaging agents),
radiation, and immunotherapies [589] and also its chronic expression upregulated indices of

fibrosis and inflammation in the absence of additional stress [590].
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Figure 3.17. YAP is induced by St scaffolds on both AFs and NFs. Mechanosensing-related genes (YAP, TAZ)
MRNA expression in NFs and AFs at day 7 of culturing on 2D, So scaffolds, and St scaffolds. Data normalized to 2D

control-NFs. Data are mean + standard deviation (n=3).

3.3.8 NF/AFs gene expression is impacted by scaffolds stiffness

Different AF cell behaviour between So and St substrates is observed, with the So material
stimulating AF migration and matrix reorganization resulting in scaffold shrinkage, while the St

scaffold promoted AF mechanosensing seemingly resulting in impaired AF migratory properties
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and contractile functionality. To investigate these distinct AF phenotypes and understand
mechanistic differentiation in terms of gene expression profiling, transcriptome-wide RNA-seq
was conducted on AFs grown in 3D on So and St scaffolds after 7 days, using 2D culture of both
NF and AF populations as relative controls.

Upon receipt of the raw files, FastQC analyses was performed to monitor the quality of the data.
Phred scores are a measure of the accuracy of base calling from the sequencer. A Phred score of
40 indicates that there is a 99.99% chance that the base was called correctly, and a score of 30
indicates a 99.9% chance that the base was called correctly. An average Phred score of greater
than 30 is usually considered sufficient. All samples met this criterion (Table 3.1). Statistics
relating to mapping of reads to the genome are shown in Table 3.2. For all samples, >80% of reads
are uniquely mapped confirming the validity of the data.

Table 3.1. FASTQ quality scores for each sequencing run.

File Name Q1%  Q10% Q25% Q50% Q75% Q100% Mean

A 2DNFs 29 35 36 36 36 37 35.82262
A_2DNFs 27 34 36 36 36 37 35.49504
A_2D CAFs 29 35 36 36 36 37 35.8442

A_2D CAFs 27 35 36 36 36 37 35.57637
A_So NFs 29 35 36 36 36 37 35.80783
A_So NFs 27 35 36 36 36 37 35.57458
A_So CAFs 28 35 36 36 36 37 35.82692
A_So CAFs 27 35 36 36 36 37 35.63125
A_St NFs 28 35 36 36 36 37 35.79867
A_St NFs 27 35 36 36 36 37 35.56892
A_StCAFs 28 35 36 36 36 37 35.83452
A_StCAFs 27 35 36 36 36 37 35.69236
B_2DNFs 28 35 36 36 36 37 35.84201
B_2DNFs 27 35 36 36 36 37 35.57498
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B_2D CAFs 29 35 36 36 36 37 35.84985

B_2D CAFs 27 35 36 36 36 37 35.53889
B_So NFs 28 35 36 36 36 37 35.82767
B_So NFs 27 35 36 36 36 37 35.57949
B_So CAFs 28 35 36 36 36 37 35.82712
B_So CAFs 27 35 36 36 36 37 35.62871
B_St NFs 28 35 36 36 36 37 35.80843
B_St NFs 27 35 36 36 36 37 35.56776
B_StCAFs 29 35 36 36 36 37 35.85974
B_StCAFs 28 35 36 36 36 37 35.73892
C_2DNFs 28 35 36 36 36 37 35.77635
C_2DNFs 27 35 36 36 36 37 35.54497
C_2D CAFs 29 35 36 36 36 37 35.87072
C_2D CAFs 27 35 36 36 36 37 35.54733
C_So NFs 28 35 36 36 36 37 35.822

C_So NFs 26 34 36 36 36 37 35.42615
C_So CAFs 28 35 36 36 36 37 35.80585
C_So CAFs 27 35 36 36 36 37 35.69676
C_St NFs 28 35 36 36 36 37 35.80708
C_St NFs 27 35 36 36 36 37 35.68599
C_StCAFs 29 35 36 36 36 37 35.85304
C_StCAFs 28 35 36 36 36 37 35.70025

Table 3.2. Sequence alignment and quality mapping.

Treatment  Read  No. of % % Mapped to % Coverage
Length Reads Uniquely  too many loci  Unmapped
Mapped
A 2D NFs 300 85980329 94.27% 2.90% 2.83% 14.74
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3.3.8.1 Sample comparisons

Principal Component Analysis (PCA) provides information on the overall structure of the analysed
dataset. PCA clearly showed the generation of distinct clusters, suggesting that both substrate
stiffness and TGFp1 activation led to distinct AF phenotype differentiation at the transcriptome
level (Figure 3.18). Good reproducibility was observed between biological replicates and the most

significant separation between data sets was between the activated and not activated state of
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fibroblasts promoted by TGFf1 treatment.
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Figure 3.18. Datasets separation derived mostly from fibroblasts activation state. (A) Principal Component

Analysis (PCA) of each biological replicate/condition.

To confirm fibroblast activation under TGFB1 treatment, regardless of the substrate, the TGFf1
‘core’ transcriptomic profile was analysed, reporting all the genes in common between AFs grown
among both 2D and 3D substrates (217 genes), confirming the expression of AF biomarkers
including FAP and ACTA2 (a-SMA) that are representative of TGFB1-driven fibroblast activation
(Figure 3.19).
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Figure 3.19. 3D core transcriptomic analysis of AFs grown on all the substrates. The Venn diagram reports the

number of the upregulated genes upon TGFp1 treatment on all substrates. In gene list detail (n = 217), biomarkers

used in the previous figures of the manuscript are highlighted.

To evaluate gene expression variations in response to changes in the microenvironment stiffness,
in both AFs and NFs variations between cell types in So and St environments was assessed.
Referring to the whole dataset of gene expressed in 3D conditions, AFs showed a higher number
of genes uniquely identifying St culturing conditions (1133, 6.3% of the total) compared to So
(872, 4.9% of the total); while the highest number of uniquely identifying genes for NFs was found
under So condition compared to St (1386, 7.5% and 899, 4.9% respectively) (Figure 3.20). The

core 3D transcriptome of both NFs and AFs cultured on St/So showed distinct and significant
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differences compared to their 2D cultured counterparts (Figure 19). Remarkably, the number of
upregulated genes in AFs cultured within the 3D scaffolds compared to the 2D substrate where
higher than that observed in NFs (228 vs 110 upregulated genes), as shown in Figure 3.21A-B.
When these gene lists were analysed via pathway analysis for the key upregulated pathways, a
number of AF-related pathways related to matrix remodelling and the acquisition of an
active/contractile phenotype were identified, including degradation of the ECM and collagen
formation; ECM structural constituents conferring tensile strength and response to mechanical
stimuli; and pathways related to pathological situations like fibrosis and the inflammatory response
(Figure 3.21A). On the other hand, upregulated pathways of NFs grown on 3D vs 2D showed an
increase in ECM-receptor interaction, focal adhesion, collagen binding involved in cell-matrix
adhesion and extracellular matrix components (Figure 3.21B). Both pathways analysis proved an
active interaction and sensing of both AFs and NFs with 3D scaffolds and a peculiar response of
AFs on 3D scaffolds regarding their mechanical nature, related to response to mechanical stimuli

and fibrosis-related signature.

So_AF So_NF
872 1386
(4.9%) (7.5%)

15969 16148
(88.8%) (87.6%)
1133 899
(6.3%) (4.9%)
St_AF St_NF

Figure 3.20. AF gene expression is impacted by St culturing, activating many DNA-related pathways. (B) Venn

diagram of genes unique and in common between AFs and NFs grown in So and St scaffolds. (C) Volcano plot of

NFs grown on St vs So.
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Figure 3.21. 3D core transcriptomic analysis of AFs and NFs compared to 2D. (A) (left) Venn diagram reporting
the number of AF upregulated genes cultured on So and St scaffolds compared to 2D. (right) Pathway analysis of the
genes upregulated in 3D AFs vs 2D AFs (n = 228). (B) (left) Venn diagram reporting the number of NF upregulated
genes cultured on So and St scaffolds compared to 2D. (right) Pathway analysis of the genes upregulated in 3D AFs
vs 2D NFs (n = 110).

To investigate the unique signature promoted by substrate stiffness, differential analysis was
performed to highlight gene pathways expression variations among NFs and AFs cultured on St
versus So. Our analysis reported few significantly upregulated and down regulated genes for NFs
between St versus So culture (76 upregulated and 90 downregulated; p<0.05; Figure 3.22A), but
many more differentially expressed genes in AFs, showing 557 upregulated and 606

downregulated genes on St compared to So (p<0.05; Figure 3.22B). Among them, both NFs and
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AFs grown on St showed an upregulation of pathways such as regulation of chromosome
organization and segregation, microtubules, cell cycle, signalling by Rho GTPases, and central
regulators of actin reorganization, and consequently, function in cellular processes such as cell
migration, wound healing, cell adhesion, cell polarity, membrane trafficking, and cytokinesis [591,
592]. On the other side, both showed a downregulation of ECM constituents and organization
(Figure 3.23A-B).

Of note is the characteristic response of AFs on St materials compared to So. The changes among
the upregulated genes are more pronounced and involve DNA replication, DNA damage responses
like double-strand break repair, and mitosis-related pathways like cytokinesis, M phase, and cell
cycle enrichment. Interestingly, upregulation of genes related to gastric cancer and retinoblastoma
were only found in AFs under St culturing, with a loss of ECM-related functions and
downregulation of locomotory behaviour, tissue remodelling, and extracellular constituent gene-
related pathways (Figure 3.23B). In line with those observations, we further compared AF and NF
profiles under different culturing conditions, trying to shed light on the underlying characteristic
patterns that sensitize AFs to St substrates compared to NFs.

128



3D St vs 3D So - NFs

204
g .. : . DEGs
g . (P <0.05)
3 Sl e . Up (76)
o . 7
S 104 PR t * Down (90)
'é’ il 3! & Not Sig (12043)
- it H $ .
HR %
N 1 2
o1
4 2 0 2 a
log2(FC)
B
3D St vs 3D So — AFs
501 .

s
[=3

g DEGs

% 304 (P <0.05)

2

© ¢ Up(557)

[+

S 204 *  Down (606)

2 Not Sig (17353)

=3

ad

log2(FC)

Figure 3.22. NF/AFs gene expression is impacted by scaffolds stiffness. (A) Volcano plot of NFs grown on St vs
So. (B) Volcano plot of AFs grown on St vs So.
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Figure 3.23. AF/NFs gene expression is impacted by St culturing, activating many DNA-related pathways. (A)
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We investigated the effect of fibroblast activation at the gene expression level on each substrate.

In the whole gene dataset, we recorded a higher number of unique genes expressed by NFs on both
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2D and So materials compared to AFs (2D:1363, 7.5% of total; S0:1454, 7.9% of total); a more
even distribution of those genes was found on St materials for both NFs (1064, 5.9% of total) and
AFs (1119, 6.2% of total) (Figure 3.24), suggesting two distinct traits, but equivalent in number
of genes, acquired by NFs and AFs on St scaffolds.
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(87.6%) (87.9%)
1454
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Figure 3.24. AF and NF share common gene signature among culturing conditions. (A) Venn diagram of genes

counts unique and in common between 2D-grown AFs and NFs, So-grown AFs and NFs, and St-grown AFs and NFs.

A deeper analysis comparing AF versus NF gene expression profiles on each substrate was
performed to unveil how the cytokine activation effect could be amplified or weakened by the
mechanical nature of the substrate. 2D cultured AFs acquired a typical functional state related to
upregulation of ECM structural constituents as the top upregulated gene pathways in our analysis,
conferring elasticity and tensile strength (Figure 3.25A). As expected, AFs grown on 3D So
scaffolds showed an upregulation of genes related to ECM component degradation and synthesis,
ECM remodelling, but also elastic fibre formation and matrix metalloproteases, suggesting an
active contractile phenotype acquisition and enzyme-dependent ECM degradation (Figure 3.25B).
Similar to what was observed on So scaffolds, AFs grown on St showed an upregulation of
syndecan interactions pathways, a co-receptor recognized to promote liver and cardiac fibrosis
[593] and an upregulation of ECM-related pathways mainly related to collagen remodelling, i.e.,
collagen binding/degradation/formation but also biosynthesis and modification. Interestingly, AFs

grown on St scaffolds showed specific upregulation of gene expression pathways related to
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pathological diseases, spanning from fibrosis and collagen diseases to prostate and colorectal

cancer (Figure 3.25C).

The whole-transcriptome RNA analysis clearly confirmed that the surrounding matrix stiffness
can promote differential gene expression landscapes, especially in AFs. AFs on the So scaffold
seemingly acquired a pro-remodelling phenotype, with higher z-score values of collagen
(COL1AL1) and fibronectin (FN1), coupled with higher integrin expression, TGFp1 amplification
(TGFB1), and MMP2 expression; while St scaffold culturing inhibits or reduce the expression of
those markers, while specifically promoting TNC and MMP1 increase expression (Figure 3.26).
Tenascin-C (TNC) is an extracellular matrix protein that is expressed at low levels in normal adult
tissue but is highly expressed around many tumours including ovarian tumours, although serum
TNC levels have been found to be elevated in epithelial OC patients, it has no predictive or
prognostic roles on survival [594], another study on colon cancer cells showed that myofibroblast-
derived TNC is required to enhance cancer cells pro-invasive activity [595], furthermore, TGFj
and PDGF 3 were found to trigger the expression of TNC by fibroblasts [596]. Finally, TNC protein
has been shown to exhibit significant elasticity [597] which may suggest that it may still be

involved in maintaining the fibrotic process by playing a regulatory role.
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Figure 3.25. Stiffer substrate impacts AF remodeling functions and promotes DNA replication and DNA repair
and replication-related pathways. (A) Differential analysis of gene expression pathways upregulated in AFs vs NFs
on 2D. (B) Differential analysis of gene expression pathways upregulated in AFs vs NFs on 2D. (C) Differential

analysis of gene expression pathways upregulated in AFs vs NFs on 2D.
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Figure 3.26. Heat map of significant genes expressed in AFs and NFs cultured on 2D, St, and So scaffolds.

3.3.9 SKOV3 condition media activate fibroblasts into activated fibroblasts

The tumour-stroma crosstalk is mainly mediated by soluble paracrine factors, cell-cell contacts
and extracellular vehicles (EVs) trafficking [598]. Cell communication via soluble factors and
extracellular vesicles, the so-called cell secretome (CS) is also referred as conditioned media (CM).
It is usually used as standard approach to test cells-specific secretome involvement in proliferation,
migration, and invasion of other cells type, i.e. cancer and stromal cells crosstalk [599-601].

Specifically, SKOV3 was chosen as representative of highly invasive human ovarian
adenocarcinoma cell line as its secretome was shown to efficiently activate fibroblasts into a

CAFs-like state [602] . After previous testing at different time point (24hr, data not shown) and as
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suggested form the literature [603, 604], SKOV3 conditioned media (CM) was collected after
48hours of culturing (cells confluence of 80%) and incubated normal fibroblasts MRC5 with
different concentrations of SKOV3 CM for 48 hours to evaluate NFs activated biomarkers
expression and viability. To evaluate fibroblasts activation status under CM incubation, FAP
expression was evaluated in 2D and 3D culture with a concentration of CM 80-20 (80% CM and
20% normal media, NM) and CM (100%), following indications provided in literature to evaluate

the best concentration dose of CM to be effective in inducing CAFs [605].

As previously discussed in chapter 3, Fibroblast Activation Protein (FAP) is a well-defined marker,
expressed at high levels on the cell surface of CAFs, promoting malignant and invasive behaviour
of epithelial cancers. High stromal expression levels of FAP are detected both at sites of tissue
remodelling in non-diseases adult tissue but, if highly express in tumour stroma correlate with poor
prognosis [606]. As demonstrated in the previous chapter, treatment with TGFB1 strongly induce
FAP expression in normal fibroblasts indeed we used it as positive control to test CM capability
to induce the same phenotype. On 2D both CM 80-20 and CM 100 induced FAP expression as in
the positive control with (Figure 3.27A), suggesting that both concentrated and diluted CM are
suitable for CAFs induction. As controls, the two media alone without SKOV3 secretome failed
in inducing FAP expression. On 3D culture, CM 100% was selected as elective treatment,
reporting a strong FAP induction on normal fibroblasts grown on normal/soft porous scaffolds
comparable to the effect induced by TGF1 control, too (Figure 3.27B).
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Figure 3.27. CM and TGFp1 treatment stimulate conversion of NFs into AFs in both 2D and 3D culture. (A)
FAP expression assessed with flow cytometry on 2D, (B) FAP expression assessed with flow cytometry on 3D soft

scaffold.

Since conditioned media from SKOV.3 is made up of McCoy's 5A basal media (which contains
the reducing agent glutathione, bacto-peptone, and a high level of glucose) combined with the
secretome of SKOV3 while MRC5 are usually grown on DMEM/F-12 (a formulation combining
DMEM's high concentrations of glucose, amino acids, and vitamins with F-12's wide variety of
components); to verify MRC5 fibroblasts viability under new culturing conditions, i.e. 100%
SKOV3 CM, fibroblasts were analysed quantitatively for viability, using calcein/EtBr cell-death
staining on 2D and 3D NS substrates under normal media (NM), normal media + TGFB1, 100%
SKOV3 media (CM ctrl) and 100% SKOV3 conditioned media (CM).
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2D culture viable cells reported a percentage of 88.2%+6.8, 93.7%+1.8, 87.2%z+5.4, 94.1%+1.6
for NM, NM + TGFB1, CM ctrl and CM respectively (Figure 3.28A); while on 3D soft scaffold
83%=4.6, 85.55%+5.4, 85.9%+5.6, 88.3%+5.2 for NM, NM + TGFBl, CM ctrl and CM
respectively (Figure 3.28B). Representative dot plots of the live-death analysis are reported in
Figure 3.28. Incubation with 100% CM from SKOV3 doesn’t affect MRCS5 cells viability on 2D

and 3D substrates.
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Figure 3.28. MRCS5 fibroblasts were viable under CM culturing on both 2D and 3D substrate. Cell death staining
analysed with flow cytometry of MRC5 fibroblasts on (A) 2D (C) 3D soft scaffold.
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At mRNA level we evaluated a panel of genes related to matrix remodelling, MMP1, MMP2 and
COL1A1, which code for the pro-a1(I) chain of collagen type I (Figure 3.29). MMPs are involved
in the breakdown of extracellular matrix, specifically, MMP-1 breaks down the interstitial
collagens, types I, Il, and Il while MMP-2, also known as gelatinase A, has a wide range of
substrates, which include collagen, elastin, endothelin, fibroblast growth factor, MMP-9, MMP-
13, plasminogen, and TGF-B [429, 430]. It was shown that stimuli like TGF-B1, TNF-a, or
epidermal growth factor augmented the secretion of MMP-2 from fibroblasts [607] and, therefore

facilitate cancer cell migration in the tissue or inflammatory cells into the injured tissue [25].
Among the gene tested, the only one upregulated gene in response to both CM and TGFp1 in 2D

and 3D culturing conditions was MMP2 (Figure 3.29, ****p<0.0001), further supporting CM
effect in inducing fibroblasts activation.
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Figure 3.29. mRNA level analysis of ECM-remodelling related genes and HA-related genes. Metalloproteinases
genes (MMP1-MMP2) and COL1A1 mRNA expression in fibroblasts at day 7 of culturing on 2D (A), 3D soft NS
(B). Data are mean + standard deviation (n=3). Two-way ANOVA, ****p<0.0001, ***p<0.001, ** p<0.01.

To verify if incubation of fibroblasts with CM will induce mechanical macroscopic changes in
scaffold physical properties after 7 days of culture rheology was performed. A significant decrease
in the 3D/NS scaffold storage modulus was observed at day 7 when cultured with NFs under CM
(** p<0.01) and TGFpB1 (* p<0.05) compared to NFs grown on NS scaffolds (Figure 3.30A). No
significant variation was observed in scaffold material loss modulus for every condition (Figure
3.30B).
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Figure 3.30. NS scaffolds remodelling result in softening under CM and TGFp1 treatment. Rheology analysis
of storage modulus (G’) in NS scaffolds; (B) Rheology analysis of loss modulus (G”). Data normalized to normal
media sample (NM). Data are mean + standard deviation (n=3). Ordinary one-way ANOVA, **p<0.01, *p<0.05.
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3.4 Discussion

The close relationship between fibrosis and the progression of solid tumours is well documented.
Tumours, in particular carcinomas, activate, exaggerate, and prolong the latent wound-healing
program of the host tissue [608-610], resulting in a tumour niche that resembles a site of chronic
wound healing [611]. The mutual presence of myofibroblast cells, referred to here as activated
fibroblasts with smooth-muscle (SM)-like features, have emerged as a particularly common
hallmark of this close relationship [13, 612]. AFs play a role in the synthesis of ECM and in force
generation, resulting in ECM reorganization, wound contraction, and, importantly, altered tissue
mechanics driven by altered fibrin, fibronectin, and collagen crosslinking and rearrangement
[613]. Collagen crosslinking has been shown to accompany tissue fibrosis that increases the risk
of malignancy [614-616].

In the present study, the mechanical and tensional features of normal and pathological tissue were
mimicked to explore how ECM stiffness may affect NF and AF phenotype behaviour, and gene
expression profiles. Already an elective platform in tissue engineering, we utilize highly porous
permeable scaffolds in the broader spectrum of cancer research. As discussed extensively in
chapter 2, such scaffold structures provide appropriate void spaces for mass transport and
neovascularization while acting as a template for de novo tissue formation with tuneable
mechanical features [617]. For the fabrication we utilised a freeze-drying technique while
employing BDDGE as crosslinking strategy to produce bovine collagen type I-based
interconnected porous structures with controlled and reproducible porosity and fibre organization,
resulting in a tuneable system for 3D mechanical studies [554, 618, 619].

In a native tissue context, cells are exposed to a variety of mechanical stimuli including hydrostatic
pressure, shear, compression, and tensile force [620]. For this reason, soft biological tissues can
be described as viscoelastic materials. Viscoelastic fluids (such as biological materials, known also
as Bio-Soft-Matter) exhibit the characteristics of both a viscous fluid and an elastic solid [91]. To
fully characterize the mechanical components of our model, we coupled micrometre-scale

Young’s Modulus analysis using AFM with a bulk assessment of scaffold viscous/elastic
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properties using shear rheometry. Overall, St scaffolds showed significantly higher Young’s and
shear modulus values compared to So, replicating the in vivo mechanical stiffness reported for
many tumours such as breast and colon [385]. As a result, we were able to recreate the mechanical
differences in the collagen matrix reported between diseased tissue (St; 1% BDDGE) and
corresponding native tissue (St, 0.01% BDDGE), mimicking tissue fibrosis and desmoplastic areas
[401, 621-624]. Scaffold pore size and interconnectivity, as well as mechanical rigidity, have been
shown to affect cell attachment [625]. In our So and St scaffolds, even if the pore sizes are
significantly different, they span a range of optimal cell adhesion [626, 627]. Furthermore, we can
exclude that cell migration could be affected by the recorded pore sizes since they do not fall within

a size range that would limit cell migration by physical arrest, based on previous studies [628].

We selected MRCS5 cells as the fibroblast cell line and activated them with a cytokine pro-fibrotic
factor TGFp1, to promote AF activation as confirmed by the expression of two known biomarkers:
FAP [629] and a-SMA [630]. MRC5 cells were previously used for both fibrosis studies (e.g.,
lung fibrosis [631, 632]) and stroma/desmoplastic response studies (e.g., ovarian cancer [633],
liver cancer [634], pancreatic cancer [393], hepatocellular carcinoma [635]); while TGFp1 is
routinely used as a master regulator of fibrosis [636, 637] and as pro-inflammatory tumour
microenvironment signal to promote CAF activation [633, 638]. Among the activation biomarkers
used, FAP is a type Il cell surface serine protease expressed by fibroblastic cells in areas of active
tissue remodelling such as tumour stroma and healing wounds [35, 639]. Furthermore, fibroblasts
isolated from chronic fibrotic tissues are known to typically express higher a-SMA levels, leading
to an increased contractility and cellular morphological change [640]. Noteworthy is that a-SMA+
fibroblast infiltration was significantly increased in the tumour stroma compared with that in
benign breast tissue expression and correlated significantly with larger tumour size [641].

In addition, employing 3D platform analysis enabled many features of the AF phenotype recorded
in vivo to be studied in vitro. Using 2D substrates limits studies of cellular behaviour such as
migration and active contractility. Specifically, cell movement and differentiation occurs in
response to environmental stimuli with the aim of achieving appropriate physiological outcomes;
i.e., when stimuli are mechanical, cells can sense substrate stiffness through probing and

contraction of actin fibres [1]. In human fibrotic organs, fibroblasts show increased ability to obtain
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a migratory phenotype [642]. Within tumours, peritumoral CAF migration and accumulation is
often associated with increased deposition of ECM components in desmoplastic areas [643]. It has
been suggested that CAFs in those areas are capable of executing a migratory program,
characterized by accelerated motility and collective motility configuration, promoting cancer
migration [426, 644, 645]. In this model, the softer So material was the only environment where
both NF and AF cell migration was promoted, unveiling different migratory patterns for AFs and
NFs. The directions of AF tracks converged to the centre of the So scaffold whereas NFs did not
show specific directionality.

Migration and ECM remodelling can also depend on contractile forces exerted by fibroblasts
themselves [646]. In tumour settings for example, CAFs most proximal to the cancer cells usually
exhibit a myofibroblasts phenotype and are highly contractile [537, 647]. Indeed, NFs and AFs
cultured on So showed significant reduction in scaffold diameter size during 7 days of culture,
with a more pronounced shrinking effect of AFs, indicating a higher contractility phenotype for
AFs than NFs on So materials. Tissue contraction mediated by AFs is considered the most
important cause of increased interstitial pressure, which strongly delays drug delivery to cancer
tissues [648]. Such increased contraction forces resulted in a decreased storage modulus after 7
days of AF culture on So, suggesting that in the early stages of both fibrotic and desmoplastic
responses, AF activation does not result in higher stiffness. At the cellular level, cells sense and
respond to the altered mechanical forces, for example through Y AP mechanosensing, as shown in
our stiffer St models, in turn driving the expression of a wide range of genes associated with AFs
[120, 649]. Within the softer So scaffold, however, we speculated that the observed cellular
response may reproduce an early nesting or niche environment where cancer cells could migrate,
grow, and proliferate rapidly. Alternatively, So scaffolds may mimic an early stage of the healing
process, i.e., the granulation phase, where myofibroblasts (activated collagen secreting, a-SMA+
fibroblasts) are responsible for facilitating wound closure both by tractional forces and contraction
[650, 651].

The whole-transcriptome RNA analysis clearly confirmed that the surrounding matrix stiffness
can promote differential gene expression landscapes, especially in AFs. AFs on the So scaffold

seemingly acquired a pro-remodelling phenotype, with higher z-score values of collagen and
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fibronectin, coupled with higher integrin expression, TGFB1 amplification, and MMP expression.
The stiffer (12-kPa) scaffold, St, resulted in an arrest in contractility, remodelling, and active AF
phenotype alongside an enrichment of pathways related to DNA replication, chromatin
remodelling, and cell cycle control. Also noteworthy was the upregulation of gene expression
pathways related to pathological diseases in AFs compared with NFs, spanning from fibrosis and
collagen-related conditions to prostate and colorectal cancer. Such AF phenotypes, promoted only
on a stiff 3D microenvironment, seemingly support the suitability of the St scaffold model to mimic
disease states and reinforce the notion of common ground between activated stroma in both fibrosis

and the cancer microenvironment.

The wide-ranging matrix-, cellular-, and molecular-resolution findings of this study reinforce the
importance of studying both NF and AF phenotypes in 3D, biologically relevant environments. To
link the AFs phenotype induced by TGFB1 with a CAFs-cancer related phenotype, we utilized an
indirect co-culture experiments, specifically incubating NFs with conditioned media from the
highly invasive ovarian cancer cell line SKOV3. Previous studies reported the ability of cancer
cells to activate fibroblasts, via secretome; for example condition media from colon cancer cells,
but not adenoma cells, was able to activate fibroblasts by inducing FAP expression [601], or
conditioned medium of gastric cancer mouse model tumour cells induced VEGFA expression

promoting angiogenesis, both in embryonic and gastric fibroblasts [652].

As demonstrated for TGFB1 treatment, also SKOV3 derived CM induced both FAP expression
and, at mRNA level, MMP2 in both 2D and 3D and MMP1 only on 3D, further supporting CM
effect in inducing fibroblasts activation. RNAseq analysis of fibroblasts primed with SKOV3 CM
on 3D scaffolds, soft and stiff, will be the next step to perform, comparing the final gene signature
with the data we collected so far. Since it is known that TGF-B1 can be produced by the tumour
cell itself [653, 654], secreted at higher level by SKOV3 after 2 days of culture more than other
ovarian cancer cell lines like OVCAR-3 and Caov-3 [557] and contributing to induced trans
differentiation of normal ovarian fibroblast to a myofibroblast phenotype characterized by elevated
reactive stroma marker a-smooth muscle actin (a-SMA) [655], we aspect that SKOV3 CM will

induce similar effect to the one recorded in this study but at the same time we could delineate a

145



specific ovarian cancer-related response of fibroblasts normal and activated in a soft and stiff

microenvironment mimicking normal and desmoplastic stage of the disease.

As a platform for drug testing and basic TME research, such porous collagen scaffolds lend
themselves to scalable, affordable expansion. As we demonstrated, AFs are strongly affected by
substrate rigidity, shifting their gene expression profile to promote DNA replication and DNA
repair-related pathways, an interesting phenotype not yet fully described and investigated in such
reproducible in vitro 3D model systems. Further investigations may address important questions
such as whether it is possible to tune myofibroblast fate, reprogramming stromal tissue inhabitant
cells in favour of a ‘healing’ tissue rather than a pathological one. Furthermore, could this be
achieved through manipulating ECM parameters such as mechanical stiffness or identifying
molecular pathways that promote ECM re-organization, altering the niche environment, thereby
sensitizing stromal cells to re-programming? If employed in certain niche environments, the
introduction of highly controlled, 3D culture systems may begin to overcome clinical challenges

in both fibrosis and cancer tumorigenesis/metastasis.

As a therapeutic strategy, targeting the effectors of myofibroblast activation, deactivation, and fate
programs is one option [656-659]. We could also inhibit myofibroblast intracellular (contraction)
or extracellular (stiffness and strain) stress as another promising approach to suppress
myofibroblast activation or to drive myofibroblasts into controlled suicide [660, 661].
Furthermore, ECM remodelling and crosslinking factors, such as matrix metalloproteases and lysyl
oxidases, could be targeted to change ECM mechanics [55, 662-664]. As previously shown,
reprogramming cell-specific lineages is possible with the addition of soluble induction factors, but,
as shown here, cells can change their expression profile and acquire a specific lineage due to the
stiffness and elasticity of their local, matrix environment. For example, soft matrices that mimic
brain are neurogenic, stiffer matrices that mimic muscle are myogenic, and comparatively rigid
matrices that mimic collagenous bone prove osteogenic [114]. In our model, AFs grown on 3D So
materials can provide an effective and meaningful tool to explore tissue biological and biophysical
changes and related ECM modifications occurring in first stages of fibrosis and tumour
desmoplastic responses, whereas St materials could represent a snapshot of a late-stage fibrotic

tissue, where stromal cells enter a ‘twilight’ zone [665-667]. Testing therapeutics on this platform
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could be helpful to highlight potential antifibrotic drugs and/or to study AFs plasticity in response

to microenvironment mechanical reprogramming.

3.5 Conclusion

Cells respond to alterations in the mechanical properties of their external surroundings by adjusting
their intracellular tension through the cytoskeletal network, while signalling external changes to
the nuclei, in turn affecting gene expression profiles. At the same time, intracellular tension
changes result in alterations in ECM reorganization, thereby changing the mechanical properties
of the matrix [668]. We employed a natural polymer collagen type | biomaterial scaffold to
investigate mechanical alterations and track their effect on stromal cells in a 3D model that
mimicked microenvironment mechanical dysfunctions observed in pathological conditions such
as fibrosis and cancer. Using sponge scaffolds, we controlled the porosity and organization of the
material and tested its stiffness and viscoelastic properties, reporting how changes in collagen
crosslinking strongly impact the phenotype of AFs in a 3D setting, providing a meaningful
platform to investigate both pre-fibrotic and late stages of fibrosis and tumour dysplasia

mechanical characteristics.
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Chapter 4. Mechano-mimetic 3D scaffolds as a humanized in vitro

model for ovarian cancer
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4.1 Introduction

The field of cancer biomechanics aims to better understand not only how cancer cell behaviour is
affected by mechanical changes in the microenvironment, but also how tissue mechanical features
can be exploited to detect specific disease stages, while enabling the discovery of potential new
diagnostic tools and/or therapies [669]. The role of mechanical constrains in tumorigenesis has
been well-studied in breast cancer for example, where stiffening and remodelling of the ECM
accompany the promotion of breast carcinoma cell proliferation, local tumour cell invasion and
progression [670, 671]. Indeed, increased density and reorganization of collagen fibrils around
malignant breast tumours appears to facilitate local tumour cell invasion [11, 672]. As a result
nonlinear optical imaging methods such as multiphoton microscopy (MPM) and second harmonic
generation (SHG) imaging have been used to visualize local changes in collagen fibril density

around invasive breast tumours [59].

Similar to breast cancer, OC evaluation with MPM and SHG imaging has revealed altered collagen
fibril density and topology, linked to increase stiffness and fibrosis, and associated with both
primary and disseminated OC [673-675]. Some evidence suggests that OC tissue mechanical
changes may also result from inflammation in the form of endometriosis [676, 677].

The origin of the epithelial ovarian cancer (EOC), most common type of OC is still under debate
but it is postulated to develops in the epithelial tissue, from any of three potential sites, (a) the
surfaces of the ovary, (b) the fallopian tube, or (c) the mesothelium-lined peritoneal cavity [678,
679]. Independent of origin, to invade the surrounding tissue and metastasize, ovarian carcinoma
cells undergo an epithelial-to-mesenchymal transition and then, carried by the peritoneal fluid
(ascites), they form multicellular aggregates (metastatic units), termed spheroids [680], overcome
anoikis and attach preferentially on the abdominal peritoneum or omentum, which is the principal

physiologic target for EOC dissemination [681, 682].

The most common form of ovarian carcinoma is high-grade serous (HGS), usually diagnosed in
an advanced stage (stage 111, 70% of cases [282]) and is an inherently aggressive malignancy, thus

accounting for the majority of ovarian cancer deaths [683, 684]. At this late disease stage,
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chemotherapy resistance occurs, for reasons yet unknown [685]. Carboplatin with paclitaxel
represents the standard first-line chemotherapy regimen for ovarian cancer patients however, only
40%—-60% of patients will achieve complete remission, with a high risk of neurotoxicity, which
can persist more than a year after the treatment [686, 687]. Consequently, other more efficacious
or tolerable options were evaluated, i.e. pegylated liposomal doxorubicin (PLD). PLD is an
anthracycline encapsulated within a sterically stabilized liposome which increases the agent's
circulating half-life in the body and limits its toxicity profile, significantly lowering cardiac
toxicity and myelosuppression compared to conventional doxorubicin [688]. Now a widely used
agent for the treatment of patients with recurrent or refractory ovarian cancer, there are however

limited indications supporting PLD as a monotherapy regimen [689-691].

Increased matrix stiffness is closely linked to tumour progression [692, 693], however malignancy
of metastatic ovarian cancer has been shown to be increased on soft matrices. Indeed, ovarian
cancer cells on soft matrices are more proliferative and more resistant to standard
chemotherapeutic drugs [31]. Since ovarian cancer mechanics and biophysics studies have resulted
in contradictory findings, the exploration of mechanotransduction within ovarian cancer, is still
understudied [25]. Furthermore, many of the mechanical studies in OC have been performed on
spheroids and 2D polyacrylamide gels [694, 695], when the inclusion of mechanical constraints
while designing an in vitro model, to fully mimic native tumour tissue biology, requires the use of
3D culture platforms [587]. Rapid advances in 3D cell culture systems such as those developed in
this PhD, enable the recapitulation of tumour specific cell differentiation and tissue organization,
opening new possibilities for studying the underlying biochemical and biomechanical

signals between cancer cells and the TME [163, 696].

Using those sponge scaffold 3D culture systems, this chapter investigates the role of substrate
stiffness in affecting OC cell behaviour and chemoresistance in vitro. Following the assessment of
fresh OC tissue to define the stiffness parameters of both peritoneum/cancer and normal ovarian
mechanical features, we mimic the stiff (MS, metastatic scaffold) and soft (NS, normal scaffold)
tissue properties using 3D porous matrices; testing their utility and suitability for reproducing in
vivo tissue mechanics while serving as platform for drug testing. Three human OC cell lines

OVCAR-3, high-grade serous ovarian adenocarcinoma cell line, Caov-3, derived from human
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papillary ovarian adenocarcinoma cell line and SKOV3, human ovarian adenocarcinoma cell line,
were seeded and cultured in 3D and monitored for their ability to sense, colonize, proliferate, and
remodel the collagen rich scaffold environment under different stiffness stimuli. Following
successful culture, OC cell-matrix models were tested for their sensitivity to doxorubicin and
liposomal-doxorubicin formulations [697] (Figure 4.1). The results obtained, show that
proliferation and mechanosensing response(s) to microenvironment stiffness, are OC-cell line
specific, while higher sensitivity to chemotherapy is a common effect promoted by stiff matrices
across all cell lines used. An effective model to investigate cancer genesis and progression and test
treatment options should be inclusive of players from different tumoral compartments [698-700].
Currently, many in vitro models are composed of one type of cells, lacking the complex cellular
interactions within the tumour microenvironment required to be physiologically relevant [701].
3D systems now, more than ever, must allow for the combination of multiple cell types, creating
multicellular structures, enabling TME relevant factors to be included during therapeutic testing
[698, 702].
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Figure 4.1. Schematic representation of scaffolds employed to mimic normal (NS) and metastatic (MS) tissue

mechanics. Image made with Biorender.
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To increase the complexity of the model under evaluation, we established a coculture system
combining stromal cells with SKOV3 ovarian cancer cell line. As reported in the previous chapter
SKOV3 secretome has the potential to activate normal fibroblasts, suggesting that this model could
be explored to study stromal activation processes and, consequently ECM dysfunctions
progression, promoted by tumour cells in 3D. At the same time, the combination of normal/soft
scaffolds with SKOV3 and MRCS5 in different tumour/stroma ratio(s) could provide a snapshot of
normal (poor stroma), pre/malignant (ratio 1:1), malignant (high stroma) ovarian cancer tissue
stages (Figure 4.2). Further optimization of this model is ongoing and aim to recreate a more

representative model of tumoral/stroma interaction to test therapeutics venues.
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Figure 4.2. Schematic representation of experimental plan employed to study tumour-stroma interaction on

NS soft scaffolds. Image made with Biorender.

152



4.3 Results

4.3.1 HGSC cancer tissues showed higher stiffness and ECM content compared to normal

ovaries samples

The mechanics of cells and tissues can be measured by many methods including, among others,
magnetic twisting cytometry, optical tweezers, and atomic force microscopy (AFM) [517]. Of
these methods, however, AFM is the most widely used tool for this purpose [517, 703, 704]. AFM
is an extremely high-resolution tool, which can be used to observe the morphology of a sample,
and quantitatively measure its mechanical properties at atomic resolution. It is a widely applied
tool for biomechanical studies of pathologically altered samples [705-707]. Specifically, in the
tumour context, AFM investigation of changes in ultrastructure and mechanical properties within
tumour tissues and cells made it possible to differentiate between healthy and cancer biopsies taken
from patients suffering from glioblastoma [708], breast [709, 710], cervical [711], prostate [712]
and liver [713]cancers, providing a tool which could be used as a basis for clinical adjuvant
diagnosis [714].

One of the main AFM advantages is the need of small samples amount, which leads to a significant
reduction of the patient's discomfort a small and the capability of measurements in liquid
conditions mimicking natural ones [705, 715]. In AFM, mechanical properties of cells or tissues
are quantified through the relative Young's (elastic) modulus which measures the resistance of a
material to elastic (recoverable) deformation under load here, indentation with AFM probe,
identifying the stiffness of the material [716]. This parameter is a relative value that is dependent
on various factors like experimental conditions, AFM probe geometry, and/or form of biological
sample (cells, section, or biopsy). Thus, as the first steps of elasticity measurements, an

optimization of experiment conditions, and protocols for sample preparation, has to be performed.

As previously reported in literature, tissue fixation can affect mechanical properties of the tissue

or device under investigation, i.e. it results in an increase of Young's modulus [372, 717]. Fixation

IS common practice to preserve tissue integrity so, in order to obtain a more reliable mechanical

description of OC biopsies tissue we tested and optimized different protocols for sample
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preparation while evaluating different AFM settings to sample them. First, the effect of ethanol
fixation on tissue’s Young’s Modulus were evaluated comparing a fresh or fixed with 70% EtOH

tissues.

Indeed, when a material is applied by a load, if that material is stretched beyond the limit of
elasticity, that will not recover its original form and will reach to the breaking point [718]. To
avoid sample disruption and misleading data, we also performed AFM under a low and high trig
threshold (2nN-6nN). Trig threshold limits forces on the sample and tip. It is set to the tip
deflection magnitude which causes the piezoelectric actuator to begin retracting if a trigger is in
use (Bruker, Force Volume Glossary). Analysis performed at AFM with a sample of a benign
cystadenofibroma tissue, demonstrated that fixation protocol strongly increases tissue young
modulus while both trig thresholds used gave similar results, so they are both suitable to be used
in our analysis (Figure 4.3). We decided to use fresh samples as more representative of in vivo

tissue mechanics and to indent them with a trig threshold of 6nN.
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Figure 4.3. Fixation with EtOH 70% strongly affects tissue mechanical properties. Trig threshold: 2nN,6nN; Tip

radius : spherical 5um boro; Section thickness : 10um thick; Sample tested: benign cystadenofibroma (left and right

biopsy)

Changes in mechano-cellular phenotype, are associated with cancer progression, and AFM can
provide quantitative mechano-markers that may have translational significance for the clinical
diagnosis of cancer [378]. A detailed analysis of patient biopsy mechanics, derived from both high-
grade serous carcinoma (HGSC) stage Il and normal ovary tissues, were performed at the
nanoscale using AFM. After pooling 3 samples for each category, the final analysis showed a 5.5-
fold increase in stiffness between HGSC Illa (0.11+£0.034 MPa) and normal ovary (0.02+0.016
MPa) (p<0.01; Figure 4.4A). Individual patient samples were reported in Figure 4.4B to highlight
inter-patients’ variability, however confirming previous literature, described above, reporting a
higher stiffness in HGSC cancer tissue compared to normal ovary. Indeed normal ovary control
(ctrl1) is much softer and more elastic compared to other forms of benign tumours it confirmed
how those tumours, even if they represents a non-cancerous growth that does not spread
(metastasize) to other parts of the body and is not usually life-threatening [719] (Figure 4.4C).
While fibromas are benign tumours that are composed of fibrous or connective tissue;
cystadenoma have a smooth outer surface and contain one or more thin-walled cysts filled with

clear, watery fluid [720], which could explain a lower stiffness.
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Figure 4.4. Mechanical features of normal and cancer tissues are mimicked in a 3D collagen-based in vitro
system by using different percentages of crosslinker 1,4-butanediol diglycidyl ether (BDDGE). (A) Young’s
modulus (MPa) analysis of HGCS Ill and normal patient-derived biopsies by AFM. (B) Young’s modulus (MPa)
analysis of 3 HGCS |11 (OC1-2-3) and 3 normal patient-derived biopsies (ctrl 1-2-3) by AFM. (C) Fig. AFM analysis
of normal ovary compared to other benign forms of ovarian cancer. Data are mean + standard deviation (n=3). T test
with Welch’s correction or Two-way ANOVA, ****p<0.0001, **p<0.01.

Tumour initiation and progression are accompanied by complex structural changes in the
extracellular matrix (ECM) and cellular architecture, which led to differentiable mechanical

characteristics and signalling [91]. The resulting tissue mechanic is a sum of a diverse range of
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objects belonging to tissues [721]. The cellular parts include different cells such as epithelial cells
and fibroblasts; the non-cellular parts include both fibrous (mostly collagenous) and non-fibrous
zones, in which the latter includes a wide range of tissues such as endometrial and sebaceous
glands, adipose tissue, vessel walls, mucinous layer, and keratin layer depending on the disease
[99]. Such variety of objects define a wide range of elastic moduli which are altered during

pathological conditions, especially in the non-cellular part [722, 723].

To investigate the tissue features underlying the alteration of nanomechanical properties during
ovarian cancer progression, we performed a H&E staining of patients’ biopsies samples (Figure
4.5), confirming a higher presence of ECM/fibrotic tissue in the HGSC Ilic derived samples
(Figure 4.5B) compared to normal ovary controls (Figure 4.5A). While lower magnification of
the control tissues showed normal tissue histology, with some oocytes, follicles mainly in the
cortex (outermost layer of the ovary) and the medulla composed of stroma and blood vessels [724].
Significant nuclear atypia and some nuclear pleomorphism (> 3x variation in size) with large,
bizarre and multinucleated forms; stroma accumulation with a higher ECM content (eosin, pink
staining) evident in the HGSC IlIc samples.
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Figure 4.5. H&E characterization of patients’ samples. (A) H&E staining of 3 normal ovary biopsies samples. (B)

H&E staining of 3 HGSC Illc biopsies samples. Images were acquired with 4x and 20x objective.

4.3.2 Mechanical features of normal and cancer tissues are mimicked in a 3D collagen-based

in vitro system BDDGE crosslinker

AFM data from native tissues were successfully mimicked in a 3D collagen type I-based scaffold
model. To match the in vivo mechanical features with a meaningful in vitro system we selected
1% and 0.1% w/v BDDGE crosslinked scaffolds. Consistently with the characterization performed
in chapter 2, they showed a Young Modulus value of 0.144+0.010 MPa for metastatic scaffolds
and 0.015+0.0003 MPa for the normal scaffolds (p<0.0001; Figure 4.6A). Subsequent

compressive tests were carried out to evaluate the compressive strength and stiffness of the
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scaffolds. The results, summarized in Figure 4.6B, showed that higher force was required to
compress MS (0.54+0.028 N) compared to NS (0.16+0.025 N) (p<0.0001), further confirming MS

higher stiffness properties.
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Figure 4.6. Mechanical features of normal and cancer tissues are mimicked in a 3D collagen-based in vitro
system by using different percentages of crosslinker 1,4-butanediol diglycidyl ether (BDDGE). (A) Young
modulus (MPa) analysis of MS and NS scaffolds by AFM. (B) Compression test analysis of MS and NS scaffolds.

Data are mean + standard deviation (n=3). T test with Welch’s correction, ****p<0.0001, **p<0.01.

The porous structure of MS and NS after freeze-drying was determined by SEM imaging (Figure
4.7A). At lower magnification, samples’ structures are composed of interconnected pores with
boundaries defined by sheet-like structures of fibrillar collagen. At higher magnification, the
typical fibrous substructure of collagen sponges can be appreciated. Porosity measurements
showed that MS and NS exhibited a comparable average pore size around 2,500 pm?,
corresponding to an average diameter of 56.4 um, with comparable area % of 30 pum? covered by
pore structures and pore circularity around 0.37 (Figure 4.7B). FTIR was used to characterize
scaffold composition after crosslinking. FTIR spectra, reported in Figure 4.7C, showed the
characteristic collagen vibration peaks like Amide 1 (1,700-1,600 cm™) and Amide 1l (1,600—
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1,500 cm™?), related to the stretching vibration of C=0 bonds and to C—N stretching and N—-H
bending vibration, respectively, for both scaffolds.
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Figure 4.7. NS and MS scaffolds showed common pore sizes, pore coverage, and composition. (A) SEM imaging
of NS and MS scaffolds at different magnifications. (B) SEM analysis of average pore size (um?), % area covered by
pore structures, and circularity. T test with Welch’s correction performed. (C) FTIR spectra of MS and NS scaffolds.
The spectra highlighted the presence of typical collagen Amide I, Amide II, and Amide I1I.

4.3.3 Ovarian cancer cell line on 3D scaffolds are viable and colonize the scaffolds
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Three cell lines, derived from ovary (OVCAR-3, Caov-3) or peritoneal ascites (SKOV3) of OC
[725] were employed, to test their morphology and behavioural phenotype, in response to
microenvironment stiffness. First, cell death was monitored after 7 days of culture on NS or MS,
using calcein/ethidium bromide staining, assessed by epifluorescence microscopy, and quantified
by flow cytometry (Figure 4.8). All three cell lines were able to attach to, and colonize the
scaffolds, as reported by the 3D maximum intensity projection based on 3 layers collected per
scaffold (Figure 4.8 A,C,E). When analysed quantitatively for viability, calcein-positive
OVCAR-3, Caov-3, and SKOV3 percentage was 84.29%+6.5 (Figure 4.8A), 88.75%+10.4
(Figure 4.8C), and 80.83%5.8 (Figure 4.8E), respectively, on MS and 91.39%z7.04,
93.01%=5.3, and 87.95%=4.3 on NS, with no statistical differences in cells viability between the
two scaffolds. No morphological changes were detected after 7 days of culture of cancer cells lines
on scaffolds, as shown by F-actin immunofluorescence staining. All those cells morphologies have
been described in 2D as epithelial (ATCC) instead on 3D scaffolds, OVCAR-3 maintained their
cuboidal/epithelial shape (Figure 4.8B), Caov-3 acquired a spindle-shaped morphology (Figure
4.8D), and SKOV3 an elongated spindle-shaped morphology (Figure 4.8F).
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Figure 4.8. Ovarian cancer cell lines were viable and did not change their morphology when cultured on both
MS and NS scaffolds. Cell death staining analysed with fluorescence microscopy and flow cytometry of (A) OVCAR-
3, (C) Caov-3, and (E) SKOV3 cells. Immunofluorescence staining of F-actin and DAPI in (B) OVCAR-3, (D) Caov-
3, and (F) SKOV3 cells. Analysis and imaging were performed after 7 days of culture. In lateral projection pictures,

Z-size: 200 um, Step size: 10 pm.
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4.3.4 SKOV3 and Caov-3 cells proliferate more rapidly on MS scaffolds

Cancer cell proliferation rate was assessed by CellTiter-Glo®. OVCAR-3 proliferation rates
showed no differences between MS and NS until day 10 of culturing, at which point, OVCAR-3
proliferation was observed to be significantly higher on NS scaffolds when compared to their MS
counterparts (8.6+0.19 and 7.7+0.5, respectively p<0.05) (Figure 4.9A). Caov-3 showed a 1.3-,
1.2-, and 1.2-fold increase in proliferation at days 4, 7, and 10 respectively, when culture within
the MS compared to NS (Figure 4.9B p<0.05). SKOV3 showed higher proliferation rates on MS
scaffolds from day 7, reporting a 1.08-fold increase in proliferation at day 7 and 1.05-fold increase
at day 10 on MS compared to NS (Figure 4.9C p<0.05). Among the ovarian cancer cells tested,
different responses were recorded in term of proliferation rate promoted by microenvironmental

stiffness, resulting in higher proliferation rate of Caov-3 and SKOV3 on MS compared to NS.
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Figure 4.9. SKOV3 and Caov-3 cells proliferate more on MS scaffolds while OVCAR-3 proliferate more on NS
scaffolds. CellTiter-Glo® analysis of ovarian cancer cell proliferation rate from day 1 to day 10 on MS and NS
scaffolds of (A) OVCAR-3, (B) Caov-3, and (C) SKOV3 cells. Data are mean + standard deviation (n=3). Statistical
analysis performed with Two-way ANOVA. **p<0.01, *p<0.05.

4.3.5 OVCAR-3 and SKOV3 culture leads to MS scaffolds softening
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Tissue mechanics is thought to be a combination of both cellular and matrix stiffness [620, 726].
Cancer cells have both the ability to remodel the surrounding environment and, at the same time,
appear to be softer than their healthy counterparts [727]. It is difficult, within the 3D scaffold
structures to measure cellular stiffness, therefore, to understand how 3D scaffold culturing may
influence overall scaffold tissue mechanics, we evaluated bulk mechanics, using rheometry, at day
1 and day 7 of culture (Figure 4.10A-F), to assess cells influence to tissue mechanic early after

seeding on scaffolds and later on after a week of proliferation.

After 1 day of culturing, MS and NS scaffolds still harboured significant differences in their
storage moduli (p<0.01 and p<0.05) under culturing of all OC cell lines: OVCAR-3-culture
scaffolds were 0.093+0.041 MPa for MS and 0.012+0.002 MPa for NS; for Caov-3 were
0.032+0.005 MPa for MS and 0.012+0.004 MPa for NS; and for SKOV3 were 0.039+0.011 MPa
for MS and 0.012+0.0004 MPa for NS (Figure 4.10A-C-E). After 7 days of culture a decrement
in MS storage modulus was observed for OVCAR-3 culture, MS 0.030+0.006 MPa, NS
0.005+0.004 MPa (Figure 4.10A), suggesting a softening of the scaffold mechanic; the same effect
was recorded in the loss modulus (Figure 4.10B); Instead no differences in storage modulus at
day7 were observed for Caov-3, MS 0.029+0.007 MPa, NS 0.012+0.0004 MPa (p<0.01) compared
to dayl (Figure 4.10C). Loss modulus followed the same pattern as storage modulus (Figure
4.10D). As for OVCAR-3, also SKOV3 cell culture reported a significant decrease in both MS
and NS at day7 of culture (MS 0.021+0.002 MPa, NS 0.007+ 0.001 MPa (Figure 4.10E); No
significant differences were recorded for loss modulus at day7 between the scaffolds (Figure
4.10F).
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Figure 4.10. Bulk mechanical properties are slightly changed by OVCAR-3 and SKOV3. Rheology analysis of
storage modulus (G’) in MS and NS scaffolds at days 1 and 7 of OVCAR-3 (A), Caov-3 (C), and SKOV3 (E) culture.
Rheology analysis of loss modulus (G”, right) in MS and NS scaffolds at days 1 and 7 of OVCAR-3 (B), Caov-3 (D),
and SKOV3 (F) culture. Data are mean + standard deviation (n=3). Statistical analysis performed with two-way
ANOVA. ****pn<(.0001, ***p<0.001, **p<0.01, *p<0.05.

4.3.6 Hippo pathway effectors activation is specific to the SKOV3 cell line
Mechanical changes in the microenvironment can strongly affect cells at the transcriptomic level

through a process called mechanosensing [587, 728, 729]. Yes-associated protein (YAP)
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overexpression has been reported for several human tumour entities, including prostate, ovarian,
colon, liver, lung and pancreatic cancer [730] and it was shown to be a powerful prognostic marker
of poor survival in ovarian cancer and being able to induce ovarian tumours when expressed in the
Drosophila ovary [731]. Since YAP is also a well-known master mechanosensor, together with
WW-domain containing transcriptional regulator 1 (TAZ) [588], we evaluated their expression in
relation to 3D scaffold systems in all three OC cell lines (Figure 4.11). Among the ovarian cancer
cell lines tested, only SKOV3 reported a 2.2-fold increase in YAPL expression and a 2.7-fold
increase in TAZ expression on MS compared to NS, supporting mechanosensing-related pathway
activation promoted by increased substrate rigidity (Figure 4.11C p<0.0001); suggesting
differential and specific oncogenic role of YAP [732] and its potential use as predictor factor [733]
for high proliferating and metastatic SKOV3 cell lines. At transcriptional level both YAP1 and TAZ
showed a downregulation on MS scaffold at day 7 compare to NS in OVCAR-3 and Caov-3
(p<0.01 and p<0.05; Figure 4.11A-B). Interestingly, many evidences indicates that YAP/TAZ
activation and overexpression is also implicated in resistance to targeted therapies, chemotherapy

(like DNA damaging agents), radiation, and immunotherapies [589].
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Figure 4.11. Hippo pathway activation is specific to the SKOV3 cell line. mRNA expression of mechanosensing-
related genes (YAP and TAZ) in OVCAR-3 (A), Caov-3 (B), and SKOV3 (C) cultured scaffolds at day 7. Data
normalized to NS scaffolds. Data are mean + standard deviation (n=3). Statistical analysis performed with two-way
ANOVA. ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05.

4.3.6 MS scaffold culture sensitises OC cells to DOXO and DOXO-LIPO treatment

To evaluate the link between stiffness of the substrate, mechanosensing and resistance to
chemotherapy we employed the 3D model platforms to test ovarian cancer cell sensitivity to
mainline chemotherapeutic treatments, doxorubicin (DOXO) and doxorubicin-loaded liposome
(DOXO-LIPO). Similar formulations of doxorubicin have been reported effective and with
tolerable side-effects in either combination therapy with carboplatin or as mono-therapy for

recurrent or platinum-resistant ovarian cancer [734].

A liposome is a spherical vesicle having at least one lipid bilayer which can be modified and act
as a drug delivery vehicle for administration of nutrients and pharmaceutical drugs, such as lipid
nanoparticles in mMRNA vaccines, and DNA vaccines [735]. Liposomal technology is being used
in increasing amounts in the therapy of a variety of cancers, including ovarian cancers [736].
Liposomes were fabricated in house, using 20 mg of total lipids including DPPC, DSPC, DOPX,
and cholesterol (molar ratio 5:1:3:1) dissolved in methanol:chloroform solution (1:3 v/v),
employing the extrusion where the liposome suspension is passed through a membrane filter of

defined pore size [737].

The physicochemical features of conventional liposomes [738, 739] were retained when loaded
with DOXO. Indeed, DOXO encapsulation did not significantly affect the size and polydispersity
of DOXO-LIPO. Indeed, compared to empty liposomes (hydrodynamic size = 184+2.0 nm; PDI =
0.15+0.151), DOXO encapsulation did not alter nanovesicles’ diameter (hydrodynamic size =
183.5+£2.8 nm), and only slightly decreased size distribution (PDI = 0.08+£0.015) to values that are
still below 0.2, thus indicating a very high size homogeneity [740]. Surface charge was very similar

between empty liposomes (Z potential = -8.4+0.6) and DOXO-LIPO (Z potential = -8.42+0.94)
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(Figure 4.12A). DOXO loading efficiency into liposomes was 93.9%+3.63 (Figure 4.12B) with
a release kinetics of DOXO from liposomes of 16.5% after 8 hours and a 56% DOXO release after
72 hours (Figure 4.12C).
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Figure 4.12. Physical and pharmaceutical characterization of empty (LIPO) and doxorubicin-loaded liposomes
(DOXO-LIPO). (A) Dynamic light scattering and zeta potential measurements comparing empty LIPO and DOXO-
LIPO. (B) Encapsulation efficiency and (C) release profiles of DOXO-LIPO in PBS +10% FBS (50:50) at 37 °C
obtained following doxorubicin fluorescence. Data are mean + standard deviation (n=3).

The in vitro cytotoxicity of free DOXO, DOXO-LIPO, and empty liposomes was tested against
OVCAR-3, Caov-3, and SKOV3 cell lines grown in 2D culture, on NS, and on MS. In 2D culture,
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MTT assay was used to evaluate cell viability and proliferation (Figure 4.13), and in 3D culture

growth inhibition was assessed using CellTiter-Glo® (Figure 4.14). After normalization against

untreated cells, we observed a similar effect of free DOXO and DOXO-LIPO in reducing all

ovarian cancer cells’ viability in 2D, while the control of empty liposomes did not affect cells’

viability after either 48 or 72 hours of treatment. Interestingly, OVCAR-3 in 2D were the most

resistant to treatment after 48 and 72 hours in the lower dose range, showing a reduction of cell
viability at 72 hours of 64, 43, and 35.8% for DOXO and 75, 46, and 42.6% for DOXO-LIPO at
concentrations of 0.0625, 0.125, and 0.25 pM, respectively (Figure 4.13A).; while at the same
concentrations, Caov-3 showed reductions of cell viability of 30, 21, and 11% for DOXO and 45,
35, and 21% for DOXO-LIPO (Figure 4.13B) and SKOV3 showed reductions of 21, 10, and 8%

for DOXO and 30, 10, and 8% for DOXO-LIPO (Figure 4.13C).
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Figure 4.13. DOXO free and DOXO LIPO cytotoxic effect on ovarian cancer cell lines in 2D after 48h and 72h
of treatment. MTT analysis after 48h and 72h of DOXO free and DOXO-LIPO treatment for OVCAR-3 (A), Caov-

3 (B), SKOV3 (C) ovarian cancer cell lines. Data are mean + standard deviation (n=3).

On 3D in vitro scaffolds, cells were initially treated with a dose range from 0.25 to 5 ug/ml DOXO
and DOXO-LIPO and their availability checked after 72h (Figure 4.14). Empty liposomes had
minimal effect on the proliferation of all cancer cell lines. OVCAR.3 cells showed more sensitivity
to DOXO treatment than DOXO-LIPO on both NS and MS scaffolds; the 1C50 for NS scaffolds
corresponded to 0.25 and 0.50 ug/ml on NS scaffolds and 0.25 pg/ml on MS scaffolds, for DOXO
treatment; DOXO-LIPO 1C50 was around 5 for NS scaffolds and 1 for MS, suggesting an higher
sensitivity to the drug on MS (Figure 4.14A). Caov-3 cells reported a similar IC50 for both DOXO
and DOXO-LIPO of around 0.50 pg/ml; similar effect was recorded on MS scaffolds (Figure
4.14B), showing no treatment sensitivity effect promoted by substrate stiffness. Finally, SKOV3
cells reported a IC50 of around 0.50 and 1 pg/ml when cultured on NS scaffolds; while MS
scaffolds showed an IC50 of 0.25 pg/ml, showing increased sensitivity to DOXO and DOXO-
LIPO treatment of SKOV3 cell when cultured on MS scaffolds (Figure 4.14C).
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Figure 4.14. DOXO free and DOXO LIPO cytotoxic effect on ovarian cancer cell lines in 3D MS and NS after
72h of treatment. Cell TiterGlo analysis on cell viability under DOXO free, DOXO-LIPO and LIPO treatment for
OVCAR-3 (A), Caov-3 (B), SKOV3 (C) ovarian cancer cell lines. Data are mean + standard deviation (n=3/5).

Focusing our attention on low and high dose close to the ICso value (0.25 and 1 pg/ml), we
summarized cells’ sensitivity findings on NS and MS scaffolds in Figure 4.15. Overall, both 0.25
and 1 pg/ml of DOXO and DOXO-LIPO had a higher cytotoxic effect on 2D cultures rather than
3D MS and NS. DOXO-LIPO and DOXO show comparable effects among all cell lines tested,
with the only exception of OVCAR-3 cells in 3D culture in which free DOXO had a greater
cytotoxic effect compared to DOXO-LIPO (DOXO and DOXO-LIPO, 1 pg/ml, MS : 20% and
70% cell viability; NS: 46% and 98% cell viability). (Figure 4.15A-B). Interestingly, Caov-3 was
more sensitive than the other two cell lines to both DOXO and DOXO-LIPO at 1 pg/ml, reporting
a cytotoxic effect comparable to the one obtained in 2D (DOXO: 13%, 36%, and 30% and DOXO-
LIPO: 29%, 34%, and 37% for 2D, MS, and NS, respectively) (Figure 4.15C-D). Finally, SKOV3

171



showed a DOXO and DOXO-LIPO, 1 pg/ml, MS : 33% and 50% cell viability; NS: 57% and 63%
cell viability, respectively (Figure 14.15E,F).
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Figure 4.15. DOXO and DOXO-LIPO cytotoxic effects on ovarian cancer cell lines grown in 2D culture and 3D
MS and NS. MTT and CellTiter-Glo® analysis of cell viability under 0.25 and 1 pg/ml DOXO and DOXO-LIPO
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treatment for OVCAR-3 (A-B), Caov-3 (C-D), and SKOV3 (E-F) ovarian cancer cell lines at 72h. Data are mean +
standard deviation (n=3/5). Statistical analysis performed with two-way ANOVA. **** p<0.0001, *** p<0.001,
**n<0.01, *p<0.05.

4.3.7 Scaffold compatible co-culture system to mimic low to high stroma tumour environments

Tumour—stroma ratio (TSR) is defined as the proportion of tumour cells relative to surrounding
stroma, and it has been recognised as a potential prognostic factor for various solid tumours [741].
As demonstrated for gastric cancer, colon cancer, oesophageal cancer, epithelial ovarian cancer,
TSR, might help identifying high-risk cancer patients [742-746]. According to the literature,
stromal reaction in tumours such as advanced breast carcinoma corresponds to the diffuse pattern
of CAF’s localization within the tumour [698]. To replicate this within a scaffolded 3D

environment is a difficult challenge.

Using MRC-5 cells consistent with chapter 3, a co-culture model to investigate OC-TME stromal,
cancer cell interactions was developed, with preliminary data showing the suitability of the porous
scaffold strictures for this application. The soft, normal scaffold was utilised as a preliminary pilot
experiments to start establishing the model since it was the only one analysed so far to promote
remodelling. In the previous chapter it was proven to be the most suitable material to induce both
fibroblasts remodelling and migration but while also supporting OC migration and promoting
chemoresistance. Differential TSR was replicated in the 3D setting, by seeding a total of 100k
cells, comprised of differential cancer cell to stromal, SKOV3/MRC-5 cell ratios. These are
representative of normal/stroma poor tissues (1:0.5); normal/pre-malignant tissues (1:1),

pathological/malignant stroma rich tissues (1:3).

First, we tested a simultaneous seeding protocol of MRC-5 fibroblasts and SKOV3 [698]. In order
to visualise the cell types and their interactions within the 3D environment. MRC5 cell line
membranes were stained in red (PKH26 Red Fluorescent Cell Linker Kit) before seeding while
phalloidin and Hoechst staining were performed at day7 on the whole cellular population, to

evaluate cell specific distribution on the soft scaffolds at day7 (Figure 4.16). The red staining,
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representative of fibroblasts cell membrane, showed an homogeneous, interspersed presence of

fibroblasts cells within the scaffold with cancer cells, a feature reported in some OC tumours [747].
The 1:3 SKOV3/MRCS ratio seems to result in smaller scaffolds diameter (Figure 4.16E-F) and,

with the addition of TGFB1 treatment on the 1:1 and 1:3 coculture the cellular density seems higher

compared to the other scaffolds (Figure 4.16D-F). Quantitative analysis is undergoing.

SKOV3:MRC5 -TGFp1 +TGFfp1
A

1:0.5

1:1

1:3

¢5) Hoecst — nuclei PKH26 - cell membrane {mrc5)

Figure 4.16. SKOV3/MRCS5 coculture on NS scaffolds. Phalloidin (actin), Hoechst (nuclei), PKH26 (cell membrane
mrc5) staining analyzed with confocal fluorescence microscopy (A) SKOV3/MRCS5 1:0.5 (B) SKOV3/MRC5 1:0.5 +
TGFp1; (C) SKOV3/MRCS5 1:1 (D) SKOV3/MRCS5 1:1 + TGFB1 (E) SKOV3/MRC5 1:3 (F) SKOV3/MRC5 1:3 +
TGFp1. Analysis and imaging were performed after 7 days of culture. Maximum Projection was reported. Low magn.

2x objective, Z-size: 773 pum, Step size: 10 um; High magn. 1x objective, Z-size: 247 um, Step size: 2 um. n=1

When cancer develops, the stroma undergoes vast changes to become fibrotic and activated. The
ECM becomes denser and more rigid, because of its compositional changes (alternative forms of

connective fibres, such as tenascin and fibronectin), which cancer cells can invade through [748].
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To test if MRC5/SKOV3 cells coculture will be able to induce changes in scaffold physical
properties after 7 days of culture, rheology was performed. A significant decrease in the 3D/NS
scaffold storage modulus was observed at day 7 for all coculture conditions tested (p<0.05) and as
reported in chapter 3, in the MRC5 only control (Figure 4.17A). A similar significant decrease in
loss modulus was recorded at day7 for 1:05 and mrc6 only culture (Figure 4.17B). As expected,
TGFp1 treatment promoted a further softening of the scaffolds at day7 in the 1:3 coculture,
probably related to a higher presence of fibroblasts in culture or an increase proliferation of the
cells type in that condition (Figure 4.17C). Overall, those results are indicative of a cellular
proliferation induction of the cells utilized in the coculture system, soft phenotype of cancer cells
was probably contributing to it and not enough fibrosis or new abnormal matrix deposition
occurred. This is in line with results from chapter 2, too, where fibroblasts proliferation and
contraction on NS didn’t contribute to higher stiffness. As results, TGFB1 treatment is confirmed
to be a central player in promoting scaffold remodelling also in a coculture system but to better
replicate  mechanical endpoint of fibrosis/desmoplasia events occurring in tumour

microenvironment we will need further testing using this model.
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Figure 4.17. NS scaffolds coculture results in scaffold softening after 7 days. Rheology analysis of storage modulus
(G’) in NS scaffolds; (B) Rheology analysis of loss modulus (G”). Data normalized to normal media sample (NM).
Data are mean + standard deviation (n=3). Ordinary one-way ANOVA, **p<0.01, *p<0.05.

4.4 Discussion

In the tumour setting, biomechanical and biochemical elements, alongside stromal cells, work
together and are crucial for the maintenance of ECM homeostasis, shown to control cancer cell
fate during progression. Indeed, loss of mechanical homeostasis in the TME accompanies
tumorigenesis and also contributes to invasion and metastasis [749], since, at the cellular level,
cancer cells actively respond to externally applied forces and then couple to intracellular signalling

pathways and effectors [750].

From a biophysical standpoint, solid tumour cancers have been shown to share physical
characteristics; however, those are affected by specific mechanical cues linked to the tissue of
origin [751-754]. For example, brain tumours are soft, whereas pancreatic tumours are rigid [755,
756]. In such tissues, the inputs conveyed from the surrounding microenvironment are transmitted
through surface receptors to cellular compartments and ultimately its nucleus, where they can
influence gene expression and promote disease development and differentiation [104, 757].
Tuneable collagen sponge models allow cancer cell proliferation, morphology, migration, and drug
response to be monitored in differential mechanical and biophysical contexts. In line with this, the
use of 3D matrices to build physically meaningful platforms for drug testing is essential, since
cells grown in 2D dish cultures experience a different force pattern, which could impact drug

treatments outcome evaluation.

NS and MS 3D in vitro model mimic the differences in stiffness between normal ovarian tissue
and pathological HGSC stage 11l derived tissue, respectively as proven by AFM analysis (MS
(0.144+0.010 MPa) and NS (0.015+0.0003 MPa)). A systematic mechanical characterization of
tumour tissue mechanic of patients biopsies or having diagnostic tools able to detect changes in
patients’ tissue mechanic, could provide guidelines for clinical mechanopathology evaluation

[385], ultimately helping doctors during diagnosis or deciding which tumours are most likely to
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develop chemoresistance, improving prognosis. Our results are in line with previous research
which analysed tumour stiffness in vivo. For example, researchers employed Supersonic shear
wave elastography in a Patient-Derived Xenografts (PDX) mouse models engrafted with HGSOC
tumours isolated from patients, recording a significantly increase in tumour stiffness (120 to 140
kPa) over time in Mesenchymal HGSOC, while it remained low (not higher than 60 kPa) in Non-

Mesenchymal tumours.

“Fibrosis” or “Mesenchymal” HGSOC molecular subtypes have been identified in all HGSOC
studies and is systematically associated with poor patient survival. Characterized by high stromal
content composed of myofibroblasts and ECM proteins, such as collagen and fibronectin, major
causes of tumour stiffness [102]. In the same study, in few cases, they observed a new tumour
nodule emerging from a stiff mesenchymal tumour, interestingly, the new nodule of little size was
softer than the established initial tumour, suggesting tumour proliferation could originate with an
initial soft state. The data presented here, is also in line with observations made in other cancer
types. In breast cancer, malignant tissue is typically stiffer than its normal counterpart with studies
showing that normal breast tissue is 20 times softer than its neoplastic counterpart [103]; elastic
moduli of healthy thyroid tissue (9.0-11.4 kPa) can increase by a full order of magnitude to 44—
110 kPa in patients with papillary adenocarcinoma [104]. Furthermore, storage modulus of MS
and NS scaffolds spans in range of stiffness reported in the literature referring tissues/organs
stiffness ranging from 0.2-64 kPa [105-107].

To test the mechano-responsive potential of ovarian cancer malignancy, we selected three
adenocarcinoma ovarian cancer cell lines: OVCAR-3 and Caov-3 derived from ovary and SKOV3
derived from ascitic fluid from post-chemotherapy patients. OVCAR-3 and Caov-3 possess TP53
mutations and substantial copy-number changes, key characteristics of HGS while SKOV3, based
on its genetic profile, is categorized as non-serous [758, 759]. Although these cell lines can be
divided into different categories by their mutation profiles, their behaviours in vitro do not
necessarily segregate the same way and, most interestingly, the cell lines do not all behave as
expected based on their putative identity. Indeed, cell lines derived from non-serous carcinomas
(e.g., SKOV3) were shown to migrate more quickly and were more likely to invade into Matrigel

and collagen I substrates than cell lines derived from high-grade serous carcinomas (e.g., OVCAR-
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3) [760]. Furthermore, other researchers found that SKOV3 had high tumorigenicity when injected
intraperitoneally, whereas OVCAR-3 had low tumorigenicity when inoculated in nude mice over
6 weeks [761].

For this reason, we selected relevant HGSC and non-serous tumour derived ovarian cancer cell
lines to investigate mechanosensing behaviour in response to different 3D biomechanics scaffolds.
All cell lines employed colonized and were viable on both MS and NS with no changes in
morphology. However, looking at the migration depth in the scaffolds recorded by
immunofluorescence staining, SKOV3 and Caov-3 showed higher invasiveness compared to
OVCAR-3. Indeed, previous findings suggest that changes in stiffness of the cancer cell niche, as
would be encountered by disseminated or metastatic OCCs, represents mechanism to further
promote EMT [15]. A significant difference was recorded in the proliferation rate, showing higher
proliferation of OVCAR-3 on NS while both Caov-3 and SKOV3 had higher proliferation rates on
MS, suggesting higher responsiveness to rigid substrates. The higher rate of proliferation of
OVCAR-3 and SKOV3 compared to Caov-3 resulted in a lower storage modulus after 7 days of
culturing for MS, suggesting a link between cells proliferation and softening of the scaffolds
recorded with rheometry. This phenomenon could be linked to two phenomena reported in
literature. First, cancer cells are physically softer than normal cells [112, 113] and metastatic
cancer cells are more mechanically compliant than their non-metastatic counterparts [114, 115],
contributing to the overall softening of the tissue. Second, previous findings suggest that a
reduction in the stiffness of the cancer cell niche, as would be encountered by disseminated or
metastatic OCCs, is a mechanism to promote EMT [116], suggesting that the progressive softening

of the matrix is a crucial step to promote metastasis.

YAP and TAZ are transcriptional coactivators pervasively activated in human malignancies. Their
activation in cancer cells impacts the behaviour of cancer cells themselves by regulating the
capacity to proliferate and adjust their metabolism to the altered cellular context, promoting the
acquisition of stem-like properties, drug resistance, and migratory capacity that allow tissue
invasion and metastatic dissemination. Interestingly for the present study, YAP/TAZ are sensors
of the structural and mechanical features of the cell microenvironment including changes in

mechanotransduction, inflammation, oncogenic signalling, and inhibition of the Hippo pathway
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[762, 763]. Many correlations between high YAP and TAZ expression with poor patient outcome
were reported for breast, colorectal, liver, and pancreatic cancers [588]; specifically, TAZ is
thought to play an important role in breast cancer progression with both mRNA and protein
expression reported to be preferentially higher in triple-negative breast cancer than in the other
subclasses [764-767]. Previous research reported that SKOV3 cells express a low amount of
endogenous YAP (and lowest activity) compared to Caov3 and OVCARS3, which instead showed
a higher level of both YAP expression and its activity [768]. Interestingly, we observed that while
OVCAR-3 and Caov-3 downregulated YAP/TAZ expression on MS, SKOV3 cells increased the
expression of both markers on MS compared to NS, suggesting a specific YAP/TAZ upregulation

linked to high stiffness microenvironment.

Aside from intrinsic molecular mechanisms [769], tumour chemoresistance is also affected by the
biochemical and physical properties of the tumour microenvironment [770-772]. Specifically, the
chemotherapeutic response of ovarian cancer cells in vitro is markedly affected by substrate
stiffness; for example, during an evaluation of ovarian cancer tumour response to standard
chemotherapeutic drugs (cisplatin and paclitaxel), antiproliferation effects were directly
proportional to the stiffness of the substrate, so ovarian cancer cell lines grown on softer substrates

with a lower elastic modulus were less sensitive to chemotherapeutic agents [773].

First-line management for ovarian cancer consists of surgery plus platinum-based combination
chemotherapy, typically cisplatin or carboplatin, with the addition of a taxane, either paclitaxel or
docetaxel [774]. Nevertheless, more than 70% of patients experience relapse after first-line therapy
[775]. For patients who experience partially platinum-sensitive relapse (progression within 6 to
12 months after the last platinum-based chemotherapy treatment), the treatment has not yet been
standardized [776-780]. Approved by the US Food and Drug Administration (FDA) in 1995, Doxil
(doxorubicin HCI liposome injection, Tibotec Therapeutics, Division of Ortho Biotech Products,
L.P.) was the first nano-drug marketed in the United States for the treatment of ovarian cancer in
women whose disease has progressed or recurred after platinum-based chemotherapy [781]. Many
clinical trials showed response rates, progression-free survival, and overall survival similar to other
platinum-based combinations but with a more favourable toxicity profile and convenient dosing

schedule when Doxil was tested [782, 783].
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In line with those results, the cytotoxic effects of free DOXO and DOXO-LIPO was tested on cis-
platinum resistant SKOV3 [784], OVCAR-3 [785], and Caov-3 [786] grown in 2D and on 3D MS
and NS. A higher resistance to treatment in 3D vs 2D culturing conditions was observed, further
stressing the importance of adopting 3D models to perform more reliable in vitro drug screening
and dosing; furthermore, among the different ovarian cancer cell lines, Caov-3 was more sensitive
to both DOXO and DOXO-LIPO treatment, pointing out the necessity to include many different
cell lines when performing cancer studies or primary cells when evaluating potential patient-
treatment responses. Finally, both OVCAR-3 and SKOV3 showed a higher resistance to treatment
when grown on NS and a more sensitive phenotype when grown on stiffer MS thus confirming

previous study reporting cell growth inhibition by doxorubicin in response to ECM rigidity [787].

These results can be linked to the effect observed, where OC cancer cells proliferate more on stiff
matriX. Indeed, OVCAR-3 showed higher proliferation rate since day4 on both NS and MS
compared to the other cell lines and it showed an increase on NS compared to MS only at day10;
for both Caov-3 and SKOV3 higher proliferation rates on MS were recorded since day4 and day7
respectively. Since doxorubicin mechanism of action is to stop the growth of cancer cells,
intercalating into DNA and disrupting of topoisomerase-I1-mediated DNA repair to generate free
radicals [788], it was hypothesised that increased stiffness in the microenvironment may increase
cancer cell proliferation and, consequently, make them more susceptible to treatments that block

cells growth.

Finally, to fully address tumour complexity a normal scaffold, soft material prone to remodelling
by fibroblasts as demonstrated in the previous chapters, was combined with a coculture of SKOV3
and MRCS5 cells, in different ratios to mimic the TSR of normal/premalignant and malignant
tissues. TSR represents the proportion of tumour cells relative to surrounding stroma, and it
correlates with patients” outcomes [741-746]. It can serve as prognostic factor, as shown for breast
cancer where patients with more than 50% intra-tumour stroma were quantified as stroma rich and
patients with less than 50% as stroma poor. Stroma-rich tumours had a had a 2.92 times higher
risk of relapse and lower five years relapse-free period (RFP) compared to stroma-poor tumours

[789].
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As preliminary results, the co-culture models showed an intersperse, homogeneous spatial
organization of MRC5 and SKOV3 cells when seeded simultaneously, which resulted in smaller
scaffolds diameter in stroma rich scaffolds and higher cellular density when high stroma was
combined with TGFpB1 treatment. According to the literature, stromal reaction in tumours such as
advanced breast carcinoma corresponds to the diffuse pattern of CAF’s localisation within the
tumour, similar to that recorded in this model system [698]. Further optimisation on seeding
protocols and staining is required to better reflecting the clinical situation, however.

First, the incorporation of NF and CAF in this 3D culture system could help in the characterisation
of the ECM components derived from the resulting coculture system. It will help delineate
similarities of the matrisome signature resulting from in vitro models and their in vivo counterpart,
to provide a possibility to study fibrosis progression. Similarly, this process is under evaluation in
other spheroids based models for breast cancer [698], aimed at optimising antifibrotic therapies in
cancer treatment. Secondly, reproducing the TSR obtained from histological analysis of the
specific tumour under investigation [742, 746, 790, 791], will enable optimal investigation of
fibrotic reactions. Indeed, for example, the mesenchymal molecular subtype represents 50% of the
HGSOC cases diagnosed, presenting with a strong desmoplastic reaction and accumulation of both
ECM proteins and CAFs [284]. Indeed mesenchymal HGSOC display stiffness heterogeneity,
between the core (stiff) and the periphery (soft); reproducing those feature in a 3D model with the
inclusion of the right ratio of cancer cells and fibroblasts could help understand what determines
those differences in tissue mechanics and how to manipulate or restore normal homeostasis.
Finally, assessment of both soluble and insoluble secreted factors and of direct contact factors in
the fibroblast—epithelial interactions that influence epithelial ovarian cancer cell growth can be
facilitated in this model system, leading to infinite new disease understanding as a basis for novel

diagnostic and therapeutic strategies.

To summarize, the inclusion of physical parameters in 3D in vitro model design will help configure
a microenvironment closer to native tissue, which could sustain meaningful cell culture conditions,
i.e. cancer-stroma coculture, addition of immune cells to for cancer research and drug testing.

Envisioning a clinical application, the use of patient-derived primary cells in combination with a
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3D bhiomechanical scaffold could be used to assess the likelihood of a favourable outcome to a

tumour treatment and eventually suggest possible alternative patient-tailored options.
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Chapter 5: Alternative, marine sourced sustainable collagen

substrates for ovarian cancer cell systems

The work presented in this thesis chapter is sponsored by Jellagen, a life science company in
South Wales under the banner of CALIN funding (ERDF). Significant results contributed
directly to the following peer reviewed journal article.

Francesca Paradiso, Joan C. Fitzgerald, Seydou Y AO, Frank Barry, Francesca Taraballi, Deyarina
Gonzalez, Robert S. Conlan, Lewis W. Francis. Marine collagen substrates for 2D and 3D ovarian
cancer cell systems. Frontiers in Bioengineering and Biotechnology, December 2019; doi:
10.3389/fbioe.2019.00343 (IF 5.2)
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5.1 Introduction

Collagens represent 30% of total protein mass in mammals, providing a fundamental structural
component of extracellular matrix (ECM) in all connective and interstitial tissue [792]. Since the
discovery of collagen 11 by Miller and Matukas (1969) [793], 26 new collagen types have been
discovered, which have been classified into subfamilies based on their supramolecular assembly,
namely fibril-forming collagens, fibril-associated collagens, network-forming collagens,
anchoring fibrils, transmembrane collagens, basement membrane collagens and others with unique
functions [792, 794].

Fibril forming collagens share a common structural feature, the triple helix, which can make up
96% of their structure (collagen 1) to less than 10% (collage XII) [795]. The triple helix is
composed of three polypeptides, a chains, composed of the peptide triplet repeat Gly-X-Y (X =
proline, Y = hydroxyproline), conserved structural features which are crucial in mediating the
spectrum of collagen functions [792]. Biological sources of collagen type I include vertebrates’
skin, porcine/bovine/ovine tendon tissue and rat tail, while bovine, porcine and chicken cartilage
tissues provide a good source for collagen type Il. The ability of these collagen sources to be
fabricated into varying scaffold forms such as hydrogels, sponges, fibres, films, and hollow spheres
provide tools for mimicking complex biological and mechanical features of native tissue [796-
798]. Furthermore, by tuning scaffold porosity, shape and topography, clinicians can have access
to a powerful array of controlled structures for tissue grafting, that can promote cell
growth/differentiation, additionally, bioinspired collagen-based in vitro culture methods provide a
base for ECM substitutes in pathologic models for drug screening [799].

Mammalian collagen devices are used in many biomedical applications due to their excellent
biocompatibility, high biodegradability and good mechanical, haemostatic, and cell-binding
properties [165]. Conversely, complex collagen extraction methods, together with limited and
expensive collagen sources, and the risk of infection with transmissible diseases such as

spongiform encephalopathy, transmissible spongiform encephalopathy and foot and mouth
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disease, have led to the exploration of alternative functional collagen sources with low

immunogenicity and reduced risk of causing transmissible disease [800].

Many non-mammalian species, both vertebrate and invertebrate, have been evaluated as new and
alternative collagen sources. Such collagen sources have predominantly been used in different
applications including bone tissue engineering and related diseases, and cosmetic and/or skin care
[801, 802]. To date, marine-derived collagens have largely been used in the food, pharmaceutical
and cosmetics industries, and to a much lesser degree for biomedical research and clinical
applications [803]. Marine species include invertebrates such as cuttlefish, sea anemone, prawn,
star fish, sponges, sea urchin, octopus, squid or vertebrate like fish and marine mammals have been
evaluated [800]. Extraction of collagen from jellyfish species, has been limited to Somolophus
meleagris [177, 804], Rhizostomous jellyfish [804], Chrysaora sp. jellyfish [805], and Rhopilema
esculentum [806]. Of these, collagen derived from Rhizostoma Pulmo has been shown to have a
high degree of similarity to mammalian type | collagen: closest melting temperatures when
crosslinked with EDC, similar structure (existence of two different a chains, two la chains and
one 2a chain), high biocompatibility when tested with fibroblasts, epithelial, osteoblastic and

fibrosarcoma cells, confirmed by the assembly of focal adhesions [807] (Table 5.1).

2al chains, 1a2 chain 2al chains, 1a2 chain
Tm =289 °C Tm=33°C
high biocompatibility high biocompatibility
Focal adhesion development Focal adhesion development
High bio sustainability Low bio sustainability
Less hydroxyproline content Normal hydroxyproline content

Table 5.1. Content adapted from: Addad, S. et al, Marine Drugs 2011

Fibril forming collagen type | is the major component of tissue ECM, exerting both mechanical

and biological functions. It contributes to tissue architecture and strength while interacting with
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cells through several receptors, promoting cells growth, differentiation, and migration [795]. In a
tumour setting collagen remodelling (degradation and redeposition) strongly affects tumour

infiltration, angiogenesis, invasion and migration [57, 808].

As described throughout this thesis, dysregulation in collagen deposition or its degradation is
implicated in many stages of ovarian cancer (OC) progressions. Normal ovarian tissue has a
specific collagen signature characterized by thin, long wavy fibrils, parallel to the epithelial
boundary, while, during cancer progression collagen organization facilitates cancer cell migration
by creating a net of thick and short fibrils, usually perpendicular to the epithelial/cancer growing
boundary, known as Tumor-Associated Collagen Signature (TACS-3) [809, 810]. Collagen
remodelling and physical reorganization not only exert a pro-migratory function but are also
associated with chemoresistance [811]. It is important therefore that any sustainable or alternative
source of collagen for human OC models and investigation interacts with cellular components and
enables collagen remodelling processes which can then be interrogated with a spectrum of cellular

and molecular techniques.

In line with the KESS funded, industrial objectives of the funded PhD scheme, this chapter
undertakes a comprehensive evaluation of R. pulmo collagen to determine its utility in supporting
OC cell growth, proliferation and migration. All of this work was conducted in collaboration with
Jellagen (Cardiff, UK). R. Pulmo collagen structure and aminoacidic composition was
characterised, prior to its use as a coating or scaffold, to validate its suitability as a support substrate
for both 2D and 3D cell culture systems [299, 694, 812] (Figure 5.1). As a sustainable alternative
to mammalian/vertebrate sources, which serves to deliver advances in the communities’ desire to
reduce its reliance and impact on the use of mammalian species and their derived products, R.
pulmo derived collagen offers a reliable substrate for in vitro studies, recapitulating physiologically

cancer cell environments.
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MATERIAL INNOVATION : R. Pulmo jellyfish collagen
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Figure 5.1 Schematic representation of experimental flow, cell, models use in this chapter. Image made with

Biorender.

5.3 Results

5.3.1 R. pulmo jellyfish collagen structural features and amino acid composition.

Collagen is a building material for most tissues and organs, important as structural protein and
promoting protein for cell growth and differentiation, both functions strongly depending on the
specific structure of collagen fibres [813]. The basic structure of collagen type I is composed of
three polypeptide a-chains (two al chains and one a2 chain), termed the coil, which are wound
around each other [814]. SDS PAGE was used to characterise R. pulmo peptide chain composition

compared to mammalian collagens.

Under reducing conditions, R. pulmo collagen chain number and size were found to be present in

the expected 2:1 ratio of o 1to a 2monomeric), with B (dimeric) and y (trimeric) forms also being
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observed, and closely matched the SDS-PAGE profile of high-purity rat tail and bovine type I
collagen samples, thus demonstrating very similar chain composition between type I mammalian

and R. pulmo collagen (Figure 5.2A).

Collagen has a long conserved evolutionary history, and it clearly contributed to the development
of early multicellular organisms [815]. Mammalian integrin collagen receptor motifs found in
collagens, such as GPO (Glycine-Proline-Hydroxyproline) [816] and RGD (Arginine-Glycine-
Aspartic acid), have been suggested as a mechanism by which mammalian cells anchor to
collagens in mammals and other vertebrates [817]. Collagen amino acid composition is crucial to
support cell attachment and for stability and triple helix thermal behaviours. Whilst mammalian
and R. pulmo exhibited very similar collagen chain composition, differences in amino acid content
were observed. Consistent with previous reports [177], R. pulmo collagen contained less
hydroxyproline and proline, 1.52% and 3.43% respectively, compared to rat and bovine type |
collagen (Figure 5.2B). Whilst these amino acids are known to be important in the formation and
stability of the tertiary structure (triple helix) and thermal stability properties of collagen type I,
the reduced content of these amino acids did not appear to affect the structure of R. pulmo collagen
[798]. Also, Glycine, Alanine, Glutamic Acid were less represented in R. Pulmo with 11.87%,
3.30%, 4.19% respectively.
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R. pulmo

Rat tail Bovine  collagen
chains

Collagen

chains 4

kD 1 2 3

Y

B

B
Rat Tail Bovine R. Pulmo
Aspartic Acid 3.92% 4.27% 3.80%
Hydroxy-L-proline 7.64% 9.97% 1.52%
Threonine 1.93% 1.75% 2.02%
Serine 3.20% 3.04% 2.11%
Glutamic Acid 6.11% 6.79% 4.19%
Proline 9.61% 12.40% 3.43%
Glycine 24.71% 28.69% 11.87%
Alanine 8.33% 10.26% 3.30%
Valine 1.92% 1.89% 1.55%
Cystine 0.06% 0.06% 0.08%
Isoleucine 1.11% 1.23% 1.35%
Leucine 2.79% 2.77% 2.61%
Tyrosine 0.54% 0.27% 0.46%
Phenylalanine 1.14% 1.08% 0.63%
Hydroxylysine 0.68% 0.89% 1.37%
Lysine 2.24% 2.39% 1.38%
Histidine 0.42% 0.39% 0.20%
Arginine 3.90% 4.51% 2.24%

Figure 5.2. R. pulmo jellyfish electrophoretic banding and amino acid composition. (A) SDS-PAGE analysis of
R. Pulmo, rat tail and bovine collagens. R. Pulmo collagen was loaded by volume: lane 1: 12ul, lane 2: 10ul; lane 3:
6ul & lane 4: 3ul. 30 ug of rat tail and bovine collagen were used as controls. (B) Samples of acid solubilized R.

Pulmo-rat tail-bovine collagen were compared for their amino acid composition.

FTIR generates a spectral fingerprint that can provide structural insights into collagen structure
based on the presence and intensity of distinct peaks that correspond to amide A/B and amide I, 11

and Il bonds crucial to the formation of the triple helix. The main absorption bands in R. pulmo
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collagen were amide A (3283 cm™), amide B (2934 cm™), amide | (1647 cm™), amide 1l (1550
cm™) and amide 111 (1238 cm™), typical bands for collagen type I (Figure 5.3).
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Figure 5.3. FTIR spectrum of collagen from R. Pulmo jellyfish. Attenuated total reflection (ATR)-Fourier—
transform infrared spectroscopy (FTIR) spectra reveal the collagen bands in R. Pulmo collagen, with collagen |

specific Amide pattern.

The amide band spectral patterns of R. pulmo derived collagen was comparable to mammalian
collagens sources (Table 5.2). Amide I, 11, I11 peak frequencies were like collagen | extracted from
mammalian sources. Amide | was 1647 cm™ in R. Pulmo, close to 1659 cm™ of collagen from
human placenta and 1532 cm™* from rat tail tendon collagen. Amide Il peak was 1550 cm™, very
similar to the one from human placenta 1555 cm™ and rat tail tendon 1546 cm™. Finally, Amide
111 showed a peak frequency of 1238 cm™ in R. Pulmo, compared to 1240 cm™ from human
placenta and 1243 cm™ from rat tail tendon. The absorption intensity of 1550 cm™ (amide 11)
indicated that hydrogen bonding is present [818, 819]; while absorption intensity of 1238 cm-1
(amide I11) confirmed that triple helical structure is intact [818]. FTIR confirmed the triple helix
structure, high extent of intermolecular structure, and similar secondary structure of the proteins

between different sources of collagen [818].
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Peak frequencies (cm™)

Amide A 3283 Ns 3282 3400-3440 N-H stretch coupled
with hydrogen bond

Amide B 2934 Ns Ns 3100 CH, asymmetrical

stretch

Amide | 1647 1659 1632 1600-1700 C=0
stretch/hydrogen

bond coupled with
[e(e]0]

Amide Il 1550 1555 1546 1510-1580  NH bend coupled
with CN stretch, CH,
bend, COO
symmetrical stretch,
CH, wag

Amide lll 1238 1240 1243 1200-1300 NH bend coupled
with CN stretch, C-O

stretch

Ns = not shown

(a) Belbachir, Karima, et al. "Collagen Types Analysis and Differentiation by Ftir Spectroscopy." Analytical and bioanalytical chemistry
(2009)

(b) Benedicto de Campos Vidal et al. “Collagen type | amide | band infrared spectroscopy “. Micron (2011)

Table 5.2. FTIR spectrum peaks assignment of collagen from R. pulmo jellyfish and comparison with

mammalian type | collagen extracted from human placenta and rat tail tendon.

5.3.2 Ovarian cancer cells grow and proliferate on 2D jellyfish collagen substrates.

Collagen controls tissue architecture and strength while interacting with cells affecting their
growth, differentiation, and migration [799]. During cancer progression collagen structure
undergoes rearrangement becoming aligned perpendicular to the invading boundary (TACS-3),
thus exerting a promigratory environment facilitating cancer migration [809, 810] and is
implicated in OC progression [809]. Commonly use cell lines SKOV.3 and OVCAR.3 were
isolated from ascites of patients with HGSC. In vivo and in vitro studies reported different invasive
behaviour between SKOV.3 and OVCAR.3, showing high and low invasive potential in Matrigel,
respectively [820]; high and low tumorigenicity when injected intraperitoneally, respectively

[761]; portraying both tumorigenic and less tumorigenic advanced stage disease [760, 821].
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To evaluate biocompatibility, SKOV.3 and OVCAR.3 were cultured on R. pulmo collagen coated
culture plates and monitored for viability (collagen cytotoxicity), proliferation and morphological
changes over 5 days of culture. SKOV.3 and OVCAR3 cell morphology was not-affected by the
nature of the cell culture substrate (Figure 5.4A), SKOV.3 retained their mesenchymal-like
phenotype and OVCAR.3 showed in vitro epithelium morphology with a characteristic grape-like
clusters pattern [822]. Growth rate over 5 days, normalized on day 1 cells’ number, wasn’t
significantly different between cells grown on different substrates except OVCAR.3 at day 2, were
cells experienced a boost in proliferation on R. Pulmo collagen, growing 0.75 times more than rat
tail substrate (p>0.05) (Figure 5.4B-C upper panels). Compared to plastic both SKOV.3 and
OVCAR.3 didn’t show any intraday difference in cells’ number, with no significant differences in

cells” number on different substrates (Figure 5.4B-C bottom panels).
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Figure 5.4. Ovarian cancer immortalized cell lines behaviour on R. Pulmo collagen substrate in 2D culture. (A)

Brightfield acquisition after 3 days of culture, showing no cellular morphology changes after 2D OC cells culture on

different substrates. (B) Cells number was obtained staining cells nuclei with Hoechst dye and analysed with in cell

analyser 2000. Analysis of growth rate after 2-3-4-5 days normalized on day 1 cells number for SKOV.3. (upper
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panel). Cell count comparison of cells grown on R. Pulmo or rat tail collagen normalized on cell number grown on
plastic plates (bottom panel). (C) Cells number was obtained staining cells nuclei with Hoechst dye and analysed with
in cell analyser 2000. Analysis of growth rate after 2-3-4-5 days normalized on day 1 cells number for OVCAR.3.
(upper panel). Cell count comparison of cells grown on R. Pulmo or rat tail collagen normalized on cell number grown
on plastic plates (bottom panel). Data are shown as mean + Standard Deviation (3 independent experiments).

Statistical significance assessed by p < 0.05, Student’s t-test.

5.3.3 Jellyfish collagen doesn’t interfere with OC cell gene expression.

EMT and mesenchymal to epithelial transition (MET) are cellular transformations that define
metastatic cascade progression in OC development and differentiation [823]. To determine if R.
pulmo collagen had any effect on EMT, the markers E-cadherin, N-cadherin and vimentin were
measured at protein level and no significant difference was seen between cells grown on different
substrates (p>0.05) (Figure 5.5). SKOV3 cells expressed high levels of N-cadherin and vimentin
compared to OVCAR.3, which expressed the epithelial marker E-cadherin (Figure 5.5A).

The expression of pre-invasive metalloproteases is generally associated with a highly metastatic
phenotype, and their expression appears fundamental for cancer cells to remodel surrounding
extracellular matrix components including collagen [824]. MT1-MMP (MMP14), is a membrane
type metalloprotease (MT-MMPs) present at high levels in OC cells, while others MMPs including
MMP9, specific to collagens IV and V, are up-regulated in ovarian cancer stroma [825].
Furthermore, COL11A1 expression, a component of type X1 collagen, was recently associated with
poor prognosis epithelial cancers including OC [826, 827]. When cultured in the presence of R.
pulmo collagen MT1-MMP expression was 0.53 times higher in SKOV.3 than OVCAR.3, together
with vimentin, 0.99, while OVCAR.3 showed 31 times higher expression of E-cadherin and 0.84
times higher COL11A1 compared to SKOV.3 (p>0.05) (Figure 5.5B). Comparing EMT markers
MRNA expression levels of cells cultured on R. Pulmo and rat tail collagen to plastic substrate we
didn’t find any significant difference (p>0.05) (Figure 5.5C). Unaltered mRNA expression of
those markers further confirm that marine collagen can effectively substitute for mammalian

collagen in 2D in vitro cell studies.
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Figure 5.5 Ovarian cancer cell lines characterization. SKOV.3-highly metastatic OC cell line, is characterized by
an overexpression of N-cadherin, vimentin at both (A) protein level and (B) mRNA and OVCAR.3-intermediate
metastatic OC cell line, showing a typical E-cad overexpression at both (A) protein level and (B) mMRNA. mRNA was
extracted from cells grown on jellyfish substrate. (C) RT-qPCR analysis of a panel of genes related to EMT and OC
progression in OC cells cultured on plastic, rat tail or R. pulmo collagen substrates. RLP19 was used as housekeeping
gene and cells grown on plastic as control. AACt method was performed. Data are shown as mean + Standard

Deviation (3 independent experiments). Statistical significance assessed by p < 0.05, Student’s t-test.

5.3.4 Jellyfish collagen substrate promotes focal adhesion formation in OC cells.

In a normal epithelium both cell-cell interaction and connections with the underlying basement

membrane govern tissue structure [49]. Cell junctions contain a number of multiprotein complexes
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that connect neighbouring cells [828] including Adherent Junctions (AJ), which contain cadherins
that anchor intracellular actin filaments with intercellular of adjacent cell bridged by B-catenin
[829]. In the presence of either rat tail or R. pulmo collagen p-catenin was distributed uniformly
across the cell membrane in SKOV.3 cells (Figure 5.6A), whereas in OVCAR.3 B-catenin
predominately localized at cell-cell junctions (Figure 5.6C). Similarly, vinculin [807], a
component of focal adhesion complexes linking cells to basement membranes, was expressed in
the membranes of cells grown on both collagen types (Figure 5.6B-D).

Bcatenin DAPI Vinculin DAPI
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R. Pulmo
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Figure 5.6. Adherents junctions and focal adhesion assembly in OC cells grown on R. pulmo and rat tail collagen
substrate. SKOV.3 immunostaining of (A) B-catenin and (B) vinculin cells plated onto rat tail type | collagen, and
R. Pulmo jellyfish collagen. OVCAR.3 immunostaining of (C) B-catenin and (D) vinculin cells plated onto rat tail

type | collagen, and R. Pulmo jellyfish collagen. Scale bars represent 20um.

5.3.5 Jellyfish collagen coated plates sustain 2D OSE cell culture and proliferation.

Epithelial tumours, which are thought to arise from the ovarian surface epithelium (OSE), account
for approximately 60% of all ovarian tumours and 90% of malignant ovarian cancers [830]. OSE
is a single layer of flat/cuboidal epithelium that covers the surface of the ovary and has a mixed
epithelial-mesenchymal phenotype, including keratin and mucin expression as well as the presence
of desmosomes, apical microvilli and a basal lamina related to epithelial phenotype; and vimentin
and N Cadherin expression and an absence of the epithelial differentiation markers CA125 and E-
cadherin as mesenchymal markers expression [831]. Specifically the mesenchymal features are in
common with ovarian carcinomas, suggesting that OSE may be the precursor tissue for ovarian
epithelial malignancies [832]. Besides, overexpressing oncogenes in mouse OSE resulting in
phenotypic changes that are characteristic of cellular transformation, providing a mouse model for
ovarian cancer studies [833].

To further establish R. pulmo collagen biocompatibility we evaluated OSE cells proliferation and
gene expression on R. pulmo coated culture plates over 5 days of culture. Growth rate over 5 days,
normalized on day 1 cells’ number, wasn’t significantly different between cells grown on different
substrates (Figure 5.7A). Then mRNA analysis of OPN, EFEMP1, E CAD, COLL11A,
VIMENTIN and MSLN was performed on both OSE grown on 2D Rat Tail collagen coated plates
(Figure 5.7B) and Jellyfish collagen coated plates (Figure 5.7C). Compared to previous analysis,
new markers were tested to understand OSE oncogenic potential on different culturing substrates.
Osteopontin (OPN) is a secreted non-collagenous, sialic acid rich, chemokine-like, matricellular
phosphoglycoprotein that facilitates cell-matrix interactions and promotes tumour progression; it
is expressed by several tissues in the human body, but also it is expressed at increased levels by
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tumour cells from multiple cancer types like pancreatic, prostate and ovarian cancers [834, 835].
Epidermal growth factor—containing fibulin-like extracellular matrix protein 1 (EFEMP1) belongs
to a multifunctional extracellular matrix protein fibulin family. It plays a role in maintain integrity
of the basement membrane and the stability of the ECM structure and it was proved to positively
contribute to ovarian cancer invasion and metastasis, indeed overexpression of EFEMP1 had
significantly enhanced the abilities of ovarian cancer cells to invade and migrate [836, 837].
Mesothelin  (MSLN) is a secreted protein anchored at the cell membrane by a
glycosylphosphatidylinositol linkage that is overexpressed in ovarian cancer tissues, can influence
chemotherapeutic sensitivity and enhance ovarian cancer invasion by inducing MMP-7 (matrix

metalloproteinase) [838].

PCR experiments showed that while both Rat Tail and Jellyfish collagen promoted increase in
VIMENTIN and MSLN with differences in time (p<0.05); Rat Tail collagen supported increase in
E-CAD expression while Jellyfish collagen promoted its downregulation with similar effect on
OPN expression, too (p<0.05). Those results suggest the need to further validation studies to

understand how marine substrate nature can influence cellular gene expression.
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Figure 5.7. OSE cell lines proliferation and mRNA expression on R. Pulmo collagen substrate in 2D culture.
(A) Cells number was obtained staining cells nuclei with Hoechst dye and analysed with in cell analyser 2000.
Analysis of growth rate after 2-3-4-5 days normalized on day 1 cells number for OSE cells. Cell count comparison of
cells grown on R. Pulmo or rat tail collagen normalized on cell number grown on plastic plates (right panel). (B) RT-
gPCR analysis of a panel of genes related to EMT and OC progression in OSE cells grown on Rat Tail collagen coated
plates. (C) RT-gPCR analysis of a panel of genes related to EMT and OC progression in OSE cells grown on Rat Tail
collagen coated plates. RLP19 was used as housekeeping gene and cells at day3 as control. AACt method was
performed. Data are shown as mean + Standard Deviation (3 independent experiments). Statistical significance
assessed by p < 0.05, Student’s t-test.

5.3.6 R. pulmo collagen porous scaffolds sustain and support OC 3D cell culture adhesion

and migration
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Having confirmed the biocompatibility of R. pulmo collagen, we investigated its suitability as
material for producing sponge scaffolds. Sponge scaffolds were produced using a freeze-dried
protocol [806] and moulded into a cylindrical shape using a 96 well plate showing a diameter of 5
mm (Figure 5.8A). Freeze drying fabrication allow control of porosity and pore size dependent on
the parameters such as ratio of water to polymer solution and viscosity of the emulsion [839] and
a control of pore structure by varying the freezing temperature [840]. In general, different
scaffolds pore sizes, from 20 to 1500 um, have been used in tissue engineering for different
applications and for example osteoblasts in PolyHIPE polymer (PHP), a type of highly porous
polymeric foam, with a pore sizes of 100 um showed cell migration facilitation [841]. SEM
analysis of scaffold porosity showed that fabricated sponges had an average porosity of 98 nm +/-

11.33 (Figure 5.8B) with an ordinated pore structure (Figure 5.8C).
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Figure 5.8. 3D R. Pulmo collagen scaffold pore characterization. (A) Picture of scaffold sponge moulded on 96
well plate (diameter of 5 mm) (B) SEM analysis of scaffold porosity. (C) SEM analysis of scaffold pore structure and

pores arrangement. Data shown as mean + Standard Deviation (3 independent scaffold).
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Picro Sirius red staining, selectively highlights collagen networks. As previously reported in this
chapter, R. pulmo exhibited very similar collagen chain composition compared to mammalian
collagen but differences in amino acid content and this could affect formation and stability of
collagen triple helix [814, 842]. It stained specifically R. Pulmo collagen unveiling its 3D collagen
fibres’ arrangement, which, together with the SEM data, closely resemble the pores organization

and fibres distribution of mammalian scaffolds obtained in previous chapters (Figure 5.9).

50 Hm

Figure 5.9. R. Pulmo collagen scaffold structure. Picro Sirius red staining of a jellyfish collagen scaffold showing

collagen fibres arrangement at different magnifications.

Since large pore sizes greater than 300 um have the ability to facilitate cell infiltration, but smaller
pores usually provide greater initial cell attachment surface areas [843], we evaluated OC cell lines
adhesion and migration across jellyfish collagen scaffolds. R. pulmo sponge scaffolds were seeded
from the top surface with SKOV.3 and OVCAR.3 at a density of 2x10° cells per scaffold, and
cells’ proliferation across collagen scaffold was examined at day 2-4-6. Both cell lines grew on R.
Pulmo collagen showing double DNA quantification at day 6 compared to day 2, indicative of
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cells proliferation (Figure 5.10). Cells distribution across R. pulmo collagen scaffold was analysed
at day 2-4-6. Notably, at day 14 both SKOV.3 and OVCAR.3 cells were found to have successfully
invaded and colonized the entire scaffold, from the top to the bottom section (Fig. 5.10B-D).
During migration and proliferation SKOV.3 grew as single cells with mesenchymal
morphology, an invasion phenotype typical of epithelial cancers following progressive
dedifferentiation; while OVCAR.3 invaded in small clumps of cells, a cluster invasion phenotype
is characteristic of epithelial tumours [760, 844] (Fig. 5.10C-E). We concluded that this collagen
supports the development of a bioactive network enabling OC cell migration.
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Figure 5.10. Cell proliferation and migration through a 3D-jellyfish collagen scaffold. (A) SKOV.3 and
OVCAR:.3 cells proliferation rate on 3D jellyfish scaffold from day 2 to day 6 assessed through DNA quantification
using PicoGreen® dsDNA quantitation assay. (B) SKOV.3 cells were seeded on the top of the scaffold and they
migrated and colonized the entire scaffold to the bottom from day 4 to day 14. (C) High magnification of SKOV.3
cells directly interacting with collagen as single cells. (D) OVCAR.3 cells were seeded on the top of the scaffold and
they migrated and colonized the entire scaffold to the bottom from day 4 to day 14. (E) High magnification of

OVCAR.3 cells directly interacting with collagen as cluster of cells. Scale bars indicate 100um.

5.3.7 3D cultures result in decreased expression of selected OC EMT related markers

A panel of metastasis/EMT-related markers were evaluated to understand if the scaffold promoted
or repressed cancer cell metastatic properties. Gene expression of EMT-related markers was highly
influenced by a 3D environment with a widespread lower expression of most genes compared to a
simple 2D system. E-cadherin showed a difference of 0.70 lower expression in SKOV.3 cells
grown on 3D scaffold compared to 2D scaffold, suggesting a possible strengthening of the
metastatic phenotype. OVCAR.3 wide lower expression of MTIMMP, COLL11A1, vimentin
,0.40, 0.33, 0.45 respectively, seems to suggest the acquisition of an even less metastatic phenotype
with the only exception of E-cad which was also downregulated of 0.45 times in 3D compared to
2D (p>0.05) (Fig. 6). Finally, YAP1, a transcriptional factor and mechano-transducer involved in
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the initiation, progression, and metastasis of several cancers [588, 845], was downregulated of
0.49 times in SKOV.3 grown on 3D system compared to 3D, and 0.55 less expressed in OVCAR.3
cells cultured on 3D scaffolds, too, suggesting that multidimensional culturing methods strongly
influence ovarian cancer gene expression compared to 2D systems (p>0.05) (Figure 5.11).
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Figure 5.11. Transcript level expression of EMT and OC progression markers in 3D scaffolds compared to 2D
systems. RT-gPCR analysis of a panel of genes related to EMT and OC progression. RLP19 was used as housekeeping
gene and cells grown on 2D system as control. AACt method was performed. Data are shown as mean + Standard
Deviation (3 independent experiments). Statistical significance assessed by (*) p < 0.05, Student’s t-test.

5.3.8 Jellyfish scaffold 3D culture resulted in decreased gene expression of OC cells markers

A growing recognition of the importance of spheroids in ovarian cancer dissemination has
stimulated increased interest in this cell population [680]. To compare jellyfish 3D model with one
of the gold standards in cancer modelling we evaluated their mRNA profile on both SKOV.3 and
OVCAR.3cells (Figure 5.12A). As described spheroids is a 3D scaffold-free system and made up
of cell-cell self-assembly, like shown in Figure 5.12B, showing both SKOV.3 and OVCAR.3
spheroid culture aspect after 96hr. When compared to spheroids, SKOV.3 cells grown on jellyfish
scaffolds reported a reduction in the expression of markers related to EMT and matrix remodelling
(p<0.0001), except for vimentin which was comparable between the two 3D systems (Figure
5.12C). OVCAR.3 cultured on jellyfish 3D scaffolds resulted in no variation in the markers
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expression except for VIMENTIN which was highly overexpressed compared to spheroids with a
12-time fold change (p<0.001) (Figure 5.12D).
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Figure 5.12. Transcript level expression of EMT and OC progression markers in 3D scaffolds compared to 2D
systems. (A) Graphical representation of 3D scaffold and cancer cells spheroid characteristics made with Biorender.
(B) SKOV.3 ad OVCAR.3 spheroids images collected after 96h of culture. (C) RT-gPCR analysis of a panel of genes
related to EMT and matrix remodelling in SKOV.3 grown on spheroids and jellyfish collagen. (D) RT-gPCR analysis
of a panel of genes related to EMT and matrix remodelling in SKOV.3 grown on spheroids and jellyfish collagen.
RLP19 was used as housekeeping gene and cells grown on spheroids system as control. AACt method was performed.
Data are shown as mean + Standard Deviation (3 independent experiments). Statistical significance assessed by (*)
p < 0.05, Student’s t-test.

5.3.9 Jellyfish collagen substrates are suitable for ovarian and OC-derived primary cell
culture.

Primary cancer cell cultures closely resemble the phenotype and behaviour of normal/cancer
tissues to serve as a valid tool for clinical and preclinical analyses. Cell lines become relevant

systems to study cancer given the conserved molecular and genetic features, ease of use and
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management, storage, amplification, as well as the practicality and cost. As primary cultures are
developed from fresh samples, single tumours can be established to allow comparative analyses

between lesions in the same or different parts of the body.

To test Jellyfish collagen biocompatibility with primary cells culture we assessed normal ovary
derived primary cells morphology on plastic and coated plates with both jellyfish collagen and rat
tail collagen (Figure 5.13). Furthermore, we evaluated their survival, together with primary cells
derived from OC stage I-11 and I11-1V, with and without the supplement of FBS, a fundamental
supplement of basal media for most of the in vitro studies and especially to sustain primary cells
proliferation, serving as a source of hormones, growth factors, amino acids, proteins, vitamins,
inorganic salts, trace elements, carbohydrates, lipids, etc for cellular metabolisms and growth of
cells [846].

Normal ovary derived cells seem to acquire a mesenchymal-like phenotype on all substrates, but
higher confluency was reached by cells cultured on RT substrates with the supplement of FBS.
Furthermore, only RT substrate was able to still support cells attachment and proliferation in FBS
deprivation conditions (Figure 5.13A). Live cells percentage after 5 days of culturing on 2D
substrates showed how FBS deprivation strongly promote OC I-I1l1 and OC II-Ill primary cells
death when cultured on plastic and jellyfish coated plates, while normal ovary derived cells
undergo cell death only when cultured on Jellyfish collagen. Overall, Rat Tail collagen where the
only substrates able to sustain cells’ survival without FBS supplement. Under FBS culturing

conditions all primary cells live cells % was comparable among substrates (Figure 5.13B).
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Figure 5.13. Patients’ derived primary cells morphology and proliferation is influenced by FBS supplements
and substrates coating in 2D culture. (A) Brightfield acquisition after 5 days of culture of normal ovary derived
cells on plastic, jellyfish collagen and rat tail collagen coated plates with and without FBS supplement in the media.
(B) Calcein staining/ live cells percentage of normal ovary/OC I-11/OC 1l1-1V derived patients cells after 5 days

culture. n=1

5.5 Discussion

Marine organisms represent an attractive new source of collagen not least because they could
address the global imperative for developments that lead to the reduction in the use of mammals
and their derived products in research [847]. Besides, collagen derived from marine organisms -

fish, seaweeds, sponges, and jellyfish-, offers advantages over mammalian collagen due to its
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biocompatibility, biodegradability, easy extractability, water solubility, safety, low
immunogenicity, and low production costs [174]. Indeed, marine collagen has recently emerged
as a promising biomaterial with great potential in regenerative medicine and drug delivery
applications, i.e. bone [848], cartilage [849], wound dressing and skin repair [171], vascular [564],
dental[850] tissue engineering and regeneration and many others [174]. Aside from biomedical
applications, combination of cosmeceuticals with bioactive ingredients obtained from marine
organisms has become the hallmark of cosmetic industries [851], indeed collagen obtained from
fish, jellyfish and cuttlefish has been investigated for its moisturizing, regenerating and film-
forming properties [852]. Among all those available alternative collagen sources, jellyfish have
emerged as an attractive alternative to existing ones due to a plentiful supply [853], a safer source
through lack of bovine spongiform encephalopathy (BSE) risk and potential viral vectors [177,
853].

Different biomedical applications have already been tested for jellyfish-derived collagen, i.e.
fabrication of novel cartilage repair implant based on Rhizostoma Pulmo jellyfish collagen
combined with active growth factor TGF-B3, a major driver of chondrogenesis and endochondral
development, and adult human mesenchymal stem cells derived from bone marrow, to induce
chondrogenic differentiation of mesenchymal stem cells [178]. Porous scaffolds were also
engineered from jellyfish collagen by freeze-drying and subsequent chemical cross-linking,
successfully supporting and maintaining chondrogenic differentiation of human mesenchymal
stem cells [170]. Jellyfish collagen was also used in combination with other materials, i.e. to
generate biphasic, but monolithic porous scaffolds for the regeneration of both cartilage and the
subchondral bone layer, in which jellyfish collagen was used to simulate chondral part and
biomimetically mineralized salmon collagen for the bony part, supporting chondroblast and
osteogenic differentiation of human mesenchymal stem cells (hMSCs) in vitro [854]. Other porous
scaffolds of jellyfish collagen fibres and sodium alginate hydrogels were also developed for
chondrogenic differentiation of hMSC [855].

In this study we demonstrated that R. pulmo jellyfish collagen represents an excellent substrate for
use in 2D and 3D in vitro cell culture for ovarian cancer studies, paving the road for future

applications of this innovative marine biomaterial in the field of cancer research. Structural and
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biological analysis demonstrated that it performed comparably with rat tail and bovine-derived
collagen type 1. Electrophoretic mobility in SDS-PAGE showed only minor differences in a-
helixes band patterning with a high degree of conservation of triple helix organisation. Several
previous studies have demonstrated that the amino acid composition of marine collagen is similar
to that of mammalian origin [856, 857]. In our case, whilst hydroxyproline, proline, glycine and
arginine content was lower that reported for rat tail and bovine collagens [177], the ability to
support cell growth and interaction as well as basement substrate adherence suggests R. pulmo
collagen is functionally analogous, and that it is likely to contain GPO and RGD signatures cannot
be ruled out. Alternatively, whilst collagens are found in all metazoans and are considered to have
contributed to the early evolution of multicellular animals [815], collagen receptors appeared much
later, therefore R. pulmo collagen could provide different cell adhesion sites compared to

mammalian sources.

Using metastatic OC cell lines established from ascites samples that are capable of collagen type
| adherence, migration and remodelling, both SKOV3 and OVCARS3 cells were able to proliferate
normally on R. pulmo (and rat tail) collagen coated plates. No cytotoxicity was noted and cell
morphology and metastatic potential, evaluated through a panel of EMT-related markers, was not
altered by the underlying substrate. Similarly, identical focal adhesions assembled on all substrates
tested. 3D models offer the potential to mimic the dense matrix network associated with tumour
microenvironments, providing a physiologically relevant tool for biomedical research and
preclinical drug testing [858]. To address Rhizostoma pulmo jellyfish collagen suitability for
biocompatible scaffold fabrication and cancer culture, collagen was first extracted from the
jellyfish using an acid solubilisation procedure, with sodium acetate to remove non-collagenous
materials, then freeze dried to obtain porous scaffolds and finally crosslinked with EDC. Moulded
R. pulmo sponges provided excellent support for cancer cell growth in a type I-like collagen
environment that is known to be a major ECM component in both normal and cancer tissues. OC
cells exhibited different invasion/growing pattern through R. pulmo collagen, as single (highly
metastatic SKOV3) or as clusters cells (low metastatic OVCAR3). Both cell types colonized the
full extent of the collagen network and displayed altered expression of some EMT-related markers
in a 3D environment compared to 2D culture. R. pulmo provides an alternative collagen source

that can be produced at scale, and which replicates the functionality of mammalian collagen in
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both 2D and 3D in vitro systems and could be further explored as affordable, tuneable and scalable

scaffold system for cancer studies.
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Chapter 6: Materials & Methods

Scaffolds Preparation

Chemicals were purchased from Sigma Aldrich. The scaffolds were synthesized from type | bovine
collagen (Viscofan) and fabricated with the freeze-dry technique. Briefly, we prepared an acetic
collagen slurry (200 mg/ml), which was precipitated to a pH of 5.5 with NaOH (2 N). For scaffolds
crosslinked with BDDGE: The slurry was wet crosslinked in an aqueous solution of 0.01% w/v,
0.1% w/v and 1% w/v BDDGE at 4°C for 24 hours. Then, the slurry was washed with Milli-Q
water (EMD Millipore) and casted onto a 48-well plate and freeze dried through an optimized
freezing and heating ramp (from 25°C to -25°C and from -25°C to 25°C in 50 minutes under
vacuum conditions, p=0.20 mbar) to obtain the desired pore size and porosity.

For scaffolds coll/HA LW 1:10-100-1000: The slurry was divided in 4 group, one part of collagen
was not mixed with HA LW for control; the other three slurries were mixed with different dilutions
of HA LW 1:10-1:100-1:1000 and then wet crosslinked in an aqueous solution of 0.01% w/v
BDDGE at 4°C for 24 hours. Then, the slurry was washed with Milli-Q water (EMD Millipore)
and casted onto a 48-well plate and freeze dried through an optimized freezing and heating ramp
(from 25°C to -25°C and from -25°C to 25°C in 50 minutes under vacuum conditions, p=0.20
mbar) to obtain the desired pore size and porosity.

For scaffolds coll/HA LW and coll/HA HW: The slurry was divided in 3 group, one part of
collagen was not mixed with HA LW for control; the other 3 slurry were mixed with different HA
LW 1:10 and HA HW 1:10 and then wet crosslinked in 75mM EDC + 30Mm NHS in MES buffer
at 4°C for 24 hours. Then, the slurry was washed with PBS 3 times and casted onto a 48-well plate
and freeze dried through an optimized freezing and heating ramp (from 25°C to -25°C and from -
25°C to 25°C in 50 minutes under vacuum conditions, p=0.20 mbar) to obtain the desired pore
size and porosity.

For R. Pulmo collagen scaffolds: Fabrication R. pulmo collagen solution (4 mg/mL in 0.1 M acetic
acid) was used for scaffold preparation. The collagen solution was frozen at —20 °C in a 96 well
plate and then freeze-dried. The constructs were then chemically crosslinked with 1-ethyl-(3-3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC; 1% wi/v in 80% ethanol) for 90 min,

rinsed with deionised water and incubated with 1% glycine for 16 h. Cross-linked scaffolds were
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rinsed in deionised water three times and left in 1% 217 glycine overnight, at room temperature,
to quench the reaction. Finally, constructs were lyophilized again to get all the residual liquid out

and preserve their cylindrical shape.

Collagen sources for R. Pulmo characterization

Type | collagen from Rhizostoma Pulmo jellyfish (© 2019 Jellagen), type I collagen from rat tail
(Millipore) and type | collagen from bovine (Sigma-Aldrich) were used as references. R.pulmo
jellyfish was fished from Camarthen Bay, immediately stored on ice and shipped back to Jellagen
UK premises in Cardiff. Purified jellyfish collagen (JCol) solution (4 mg/mL in 0.1 M acetic acid)
was derived from Rhizostoma pulmo jellyfish and provided by Jellagen Ltd. (Cardiff, UK). The
collagen extraction protocol was optimized by Dr. Ahmed Zara, using a standardised acid
solubilisation procedure, with sodium acetate to remove non-collagenous materials. The purity of
the JCol was analysed using sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDSPAGE) and Fourier transform infrared spectroscopy (ATR-FTIR, Perkin Elmer, Bucks, UK)
[24].

Rheology

Wet and dry scaffolds of 1-mm thickness and 8-mm diameter were analysed using an Anton
Paar/MCR 302 rheometer equipped with an aluminium, custom made 8-mm insert plate. For
different experiments both empty scaffolds and cellularized scaffolds collected at days 1-7 were
characterized. An amplitude sweep test (log ramp 0.001% to 10%, angular frequency of 10 Hz, 25
recorded points, T of 37°C) was used to verify the range of linear viscoelasticity. Frequency
response was measured by frequency sweep tests in the range 1000 to 0.1 rad/s (shear strain of
0.1%, 40 data points, T of 37°C). Storage modulus was reported as 3-sample averages collected at
1 rad/sec angular frequency. Storage modulus and loss moduli measures were reported as 3-sample
averages collected at 1 rad/sec angular frequency. Cellularized scaffold analyses were reported

after normalization of both storage and loss moduli on DO samples.

Atomic Force Microscopy
The AFM used in this experiment was the Bio-Catalyst AFM (Bruker). A spherical cantilever

(Novascan) was used for the force measurement. For biopsy samples, the QNM in fluid mode was
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used with a borosilicate tip (5 um in diameter). For scaffolds, a silica bead (5 pum in diameter) was
mounted onto the end of the cantilever. The spring constant of the cantilever was 0.06 N/m. Before
the AFM experiment, both the spring constant and sensitivity of the cantilever were calibrated
under thermal tune conditions with the controlling software (Catalyst Nanoscope 8.15 SR3R1,
Bruker). For the AFM experiment, scaffolds were embedded in OCT and cryosectioned at 20-um
section thickness. The samples were pre-coated on a glass slide and kept at -80°C. Then, samples
were carefully moved into a 60-mm dish on the AFM scanning stage. A volume of 3 ml phosphate-
buffered saline (PBS) or media was pre-injected into the dish after sample incubation for 5 minutes
at room temperature. For force measurement, we kept the ramping size at 10 um. All experiments
were conducted at room temperature (22°C). Young’s modulus was calculated from the force
curves with NanoScope Analysis 1.40 (Bruker), with three to five spots randomly tested per
sample and recorded, and at least 50 force curves acquired from each spot. For Young’s modulus
calculations, extended ramp force curves and a linearized model (Hertzian, spherical) were used.

Chapter 4: The atomic force microscope used in this experiment was the Bio-Catalyst AFM
(Bruker). A spherical cantilever (Novascan) was used for the force measurement. For biopsy
samples, the QNM in fluid mode was used with a borosilicate tip (5 um in diameter). For scaffolds,
a silica bead (5 um in diameter) was mounted onto the end of the cantilever. The spring constant
of the cantilever was 0.06 N/m. Before the AFM experiment, both the spring constant and
sensitivity of the cantilever were calibrated under thermal tune conditions with the controlling
software (Catalyst Nanoscope 8.15 SR3R1, Bruker). For the AFM experiment, both biopsies and
scaffolds were embedded in OCT and cryosectioned at 20-um section thickness. The samples were
pre-coated on a glass slide and kept at -80°C. Then, samples were carefully moved into a 60-mm
dish on the AFM scanning stage. Fixed samples were incubated with 70% Ethanol for 10’ before
being washed withphosphate-buffered saline (PBS). For fresh samples, a volume of 3 ml of PBS
or media was pre-injected into the dish after sample incubation for 5 minutes at room temperature.
For force measurement, we kept the ramping size at 10 um and we varied the trig threshold from
2nN to 6nn for initial tests, then we performed 6nN for all the analysis. All experiments were
conducted at room temperature (22°C). Young’s modulus was calculated from the force curves
with NanoScope 169 Analysis 1.40 (Bruker), with three to five spots randomly tested per sample
and recorded, and at least 50 force curves acquired from each spot. For Young’s modulus

calculations, extended ramp force curves and a linearized model (Hertzian, spherical) were used.
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Compression test

NS and MS scaffolds of 0.5 cm thickness were soaked in PBS and loaded on UniVert Mechanical
Test System. A load cell of 1 N was calibrated and used to perform a compression test with a
stretch magnitude of 35%, stretch duration of 60 seconds, and relaxation time of 60 seconds. For

each condition, 3 replicates were analyzed.

Amino acid sequencing

We analysed acid solubilized collagen derived from Rhizostoma pulmo tentacles (3.8 mg/ml in
0.1 M acetic acid), Type I collagen from rat tail (4.19 mg/ml, Millipore) and type | collagen from
bovine (Sigma-Aldrich). 1 mg of each sample was placed in 1.5 ml microcentrifuge tubes, freeze
dried overnight, resuspended in 200 ul of 6N constant boiling HCI (Thermo Scientific) and
transferred to a vacuum hydrolysis tube (Thermo Scientific). The hydrolysis tube was purged with
214 nitrogen, evacuated and sealed. Samples were heated for 22 hours at 110°C in an oven to
enable hydrolysis, the vacuum was released and the HCI was evaporated by placing the open tube
in an oven at 60°C for 30-40 minutes. The hydrosylate was resuspended in 150 ul of lithium
loading buffer (Biochrom) and transferred to a 1.5 ml microcentrifuge tube. Hydrolysed samples
were transferred to glass vials and loaded in the autosampler tray after a dilution of 1:5. An
injection volume of 20ul hydrolysed protein was analysed for each sample. In addition, 40 ul of
amino acid standard (A9906, Sigma) and 40 pl of loading buffer (a blank solution) were analysed.

Absorbance was read at 570nm and 440nm.

Scanning Electron Microscopy

The morphology of the scaffold was characterized by SEM. Scaffolds were coated with 7 nm of
Pt/Pl (Nova NanoSEM 230) for SEM examination. Images were taken at different magnifications
and angles (i.e. transversal). The pore diameter of scaffolds was measured from SEM images, and
3 images from each of 3 areas were used for each scaffold at the same magnitude. For each image,
porosity analysis was performed using ‘analyse particles’ measurement in ImageJ software.
Chapter 5: Freeze-dried collagen scaffolds were examined using scanning electron microscopy
(SEM) (JSM, Jeol, Japan). Scaffold pore size was detected using SEM software (Hitachi). A total
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of 10 pores were analysed per images and a total of 3 images were analysed within 3 different

scaffolds.

Fourier Transform Infrared Spectroscopy

The samples were analysed in attenuated total reflection (ATR) mode at 2 cm™ resolution 64 times
over the range of 500-4,000 cm™ using a Nicolet 6700 spectrometer (ThermoFisher Scientific,
Waltham, MA, http://www.thermofisher.com). The ATR/Fourier transform infrared spectroscopy
(FTIR) spectra were reported after background subtraction, baseline correction, and normalization
on Amide I. Graph reported a range of 800-1800 cm™ wavelength.

Chapter 5: Fourier transform infrared spectra of freeze-dried R. pulmo collagen were obtained
using a Perkin Elmer FTIR spectrometer. Infrared spectra were recorded in the range of 4000—400
cm-1 at an aperture of 1 and sensitivity of 1.5.

Thermal Gravimetric Analysis

The thermal stability and composition of scaffolds (1%-0.1%-0.01% BDDGE, coll/HA LW and
HW) were analysed by TGA under nitrogen atmosphere using a Mettler Toledo TGA/DSC 1
instrument. A temperature ramp from 25 to 800°C with a heating rate of 10°C/minute was used to

determine the onset decomposition temperatures. Approximately 10 mg samples were used.

Water Contact Angle (WCA)

Measurement The wettability of St and So scaffolds was assessed through WCA measurements
using an Attension Theta optical tensiometer from Biolin Scientific. PBS droplets of 20 uL were
deposited on the scaffold’s surface and sessile drop measurements were performed. Side-view
images of the deposited droplets were captured using the OneAttension software. The static contact
angle formed 111 by the droplet on the dry scaffold’s surface was described using Young-Laplace
equation. Scaffold wettability was observed for 10 minutes, evaluating the WCA every 2.15

seconds, and the data were reported as a mean of the CA at 10 minutes.

Cell Culture
Chapter 2: MRCS5 cells were purchased from ATCC. Cultures were established in standard media

constituted by Dulbecco’s Eagle medium (DMEM) supplemented with 10% fetal bovine serum
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and 1% penicillin (100 Ul/ml)-streptomycin (100 mg/ml). For maintenance of cultures, cells were
plated at a cell density of 3x10° cells per cm? and incubated at 37°C in a humidified atmosphere
(90%) with 5% CO2. Medium was changed twice per week thereafter or according to the
experiment requirements with the addition of TGFB1. TGFB1 was added to culture every 3 days,
titration was performed using increasing dose of TGFB1 (0-25-50 ng/ml) with analysis carried out
at days 5 and 7. After establishment of 25 ng/ml as an elective dose for fibroblasts activation, all
further experiments used 25 ng/ml concentration and analysis performed after 7 days of culture.
To induce fibroblasts activation, 25 ng/ml of TGFB1 was added to culture media at day 3 and day
6. Adherent cells were detached from plates using Trypsin before reaching confluence (80%) and
subsequently re-plated for culture maintenance. When seeded onto scaffolds, MRC5 cells were
harvested and re-suspended in cell culture medium. A 20-pl drop of medium containing 100k cells
(or 25k and 300k for the scaffold shrinking experiment) was seeded on the centre of each scaffold
(So and St) and kept in an incubator for 30 minutes. Culture medium was then added to each well,
scaffolds were kept in agitation.

SKOV.3 (ATCC, Virginia, USA) cells were grown in McCoy’s media supplemented with 10%
FBS (10500-064, Gibco) and 1% Pen Strep (15140-122, Gibco); OVCAR.3 (ATCC, Virginia,
USA) were grown in RPMI media supplemented with 20% FBS (10500-064, Gibco), 1% Pen
Strep (15140-122, Gibco), insulin 0.01 mg/ml. Caov-3 (ATCC, Virginia, USA) cells were grown
in Human Dulbecco's Modified Eagle's Medium with fetal bovine serum to a final concentration
of 10%. All growth media were supplemented with 1% penicillin (100 Ul/ml)-streptomycin (100
mg/ml). Adherent cells were detached from plates using trypsin before reaching confluence (80%)
and subsequently re-plated for culture maintenance. For maintenance of cultures, cells were
incubated at 37°C in a humidified atmosphere (90%) with 5% CO2. Medium was changed twice
per week. Scaffolds were preconditioned with media for 1hr. When seeded onto scaffolds, ovarian
cancer cells were harvested and re-suspended in cell culture medium. A 20-ul drop of medium
containing 1x105 cells was seeded on the center of each scaffold and kept in an incubator for 30
minutes. Culture medium was then added to each well.

Ovarian Surface Epithelial Cells (HOSEpIC, Science Cell # 7310) were grown with Ovarian
Epithelial Cell Medium (Science Cell #7311). For primary cells extraction from human tissue
biopsies the protocol is the following. First, clean the biopsy in a tube with PBS, rinse it and place

it in a petri dish to orientate it to identify the epithelial layer. Place the epithelial side towards 800ul
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of 2mg/ml collagenase in a 6 multi-well plate. 2mg/ml of collagenase are prepared fresh in a biopsy
media without FBS and filtered with 0.22 pm syringe filter. Biopsy media is a 1:1 mixture of
MCDB 105 medium containing a final concentration of 1.5g/L sodium bicarbonate and Medium
199 containing a final concentration of 2.2g/L sodium bicarbonate. To make the complete media,
add 20% FBS, 1% antibiotics (Pen/strep or AA). Digest the epithelial side 30° at 37°C, swirling
every 5’-10°. After digestion, with a scalpel help the epithelial layer of cells to detach from the
ovary. Recover the collagenase containing the epithelial cells in 15ml tube. Rinse the well twice
with 5ml of fresh complete media and keep it in the 15ml tube to dilute the collagenase. Add media
up to 14ml to the tube and 2ml to the well. Centrifuge at 300g for 7°. Discard the supernatant and

plate the pellet with the 2ml of fresh ovarian biopsy media.

2D coating plates preparation

Corning 6 well plates and Nunc™ Lab-Tek™ 8-well Chambered Coverglass (ThermoScientific)
were coated with rat tail collagen and R. pulmo collagen. 90 ug of collagen was used to coat 6 well
plates for In Cell analysis, WB, RT-PCR and 7.6 ug for 8-well Chambered Coverglass to perform
immunofluorescence staining. Collagen specific amount was added on each plate and leaved
overnight at 4 degree. Next day, supernatant was collected, and the plate left at 4 degree until use
(they are stable for 1-2 days). Before seeding the cells, plate was washed with PBS and after dried

under the hood for 20 mins. Finally, the plate was sterilized turning turn the UV on.

In cell analysis

InCell Analyser 2000 (GE Healthcare) was used to analyse number of cells on different coated
plates. Following culture period media was removed from monolayer cultures and washed with
PBS. Cells were seeded on pre-coated plates and grew up to 5 days before analysis. Cells grown
for 1-2-3-4-5 days were stained with Hoechst 33342 (Life Technologies Corporation) (dilution of
215 1:2000 from a 10mg/ml solution in water) in normal media and incubated at room temperature
for 10 minutes to stain the nuclei. For live % experiment calcein staining was performed at day5.
Cells were immersed in PBS for analysis in the InCell Analyser 2000. Random distribution of
fields across the surface of the well was used to capture 30 fields/well. Images were analysed using
InCell Developer (GE Healthcare) to quantify number of cells using DAPI and Calcein staining

depending on the experiment purpose.
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Spheroid method

Dissolve 0.2g agarose in 20mL sterile distilled water in centrifuge tube, heat to 90 degree for few
minutes until completely homogeneous. Transfer the 1% agarose solution to laminar bench. Keep
it warm all the time. Cover a 96-well flat-bottom plate with 1% agarose, 100 uL each well. Plates
are allowed to solidify at room temperature for at least 2 hours. Seed 600k cells for each spheroid

and collect at 96h for analysis.

SDS page

SDS-PAGE was performed according to the method of Laemmli (1970) using a 4-20% gradient.
Samples were mixed with Laemmli sample buffer (Bio-Rad) with b-mercaptoethanol and heated
for 5 min at 95 °C. Different volumes of Rhizostoma pulmo collagen solution and 30 ug of rattail
(rt) and bovine (bv) collagen were loaded to the gel and run at 100 V for 10 min followed by 120
V for 1.5 h. Following electrophoresis, protein bands were stained with Coomassie brilliant blue
R- 250. Prestained-dual colour marker (Biorad) was used to estimate the approximate molecular
weight of collagen samples. Type | collagen from rat tail (Millipore) and type I collagen from

bovine (Sigma-Aldrich) were used as references.

PicoGreen assay

At dayl,3 and 7 scaffolds were incubated in 500ul trypsin for 10° at 37°C under shaking conditions
(800rpm). After trypsin neutralization with complete media, scaffolds were removed, and
remaining cells centrifuged at 2400 rpm for 5°. Cells pellet was washed twice with PBS and pellet
resuspended in 50 ul of RLT lysis buffer (79216, QIAGEN). For the assay in a black opaque 96-
well plate with transparent bottom, 10ul of sample or standard was added to 90ul of TE (1X).
Then, 100ul of PicoGreen reagent from Quant-iT™ PicoGreen™ dsDNA Assay Kits and dsDNA
Reagents (P11496, ThermoFiscer Scientific) was added to each well/sample and incubated for 5’
in aluminium foil at RT. Tecan Spark plate reader was used to record fluorescence with excitation:

460nm and emission: 540nm.

Alamar Blue
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At day3, day5 and da7 scaffolds were washed with PBS and incubated for 4 hours in media +10%
alamarBlue™ Cell Viability Reagent (DAL1100, ThermoFiscer Scientific). The experiment was
carried out in a 48 well plate with 300ul as final volume/scaffold/well. Absorbance was measured
at 600nm and 570 nm.

Decellularization
After 7 days of culture collagen scaffolds seeded with fibroblasts were incubated for 2 hours under
agitation at 650 rpm, 37°C with 0.5% and 1% SDS (in PBS). DNA quantification before and after

SDS incubation was detected using Pico Green assay.

Coculture seeding

Simultaneous seeding was used to establish coculture model. A total of 100k cells of different
ratios between SKOV3/MRC-5 cells were seeded on 3D NS scaffolds, as representative of
normal/stroma poor tissues (1:0.5); normal/pre-malignant tissues (1:1), pathological/malignant
stroma rich tissues (1:3). MRCS5 cells line membrane was stained in red (PKH26 Red Fluorescent
171 Cell Linker Kit) before seeding. Scaffolds were preconditioned with media for 1hr. A 20-pl
drop of medium containing 1x105 cells (SKOV3 and MRC5) was seeded on the center of each

scaffold and kept in an incubator for 30 minutes. Culture medium was then added to each well.

Biopsy samples

A total of 6 biopsy samples were collected and processed for AFM analysis. 3 were used as normal
ovary controls because they derived from normal contralateral ovaries of patients with benign
adenomas and fibromas. The other 3 represented HGSC stage lllc patients’ tissue. Patient
eligibility criteria included the following: (a) primary or interval surgery; (b) pre-op diagnosis of
high-risk pelvic mass with normal contralateral ovary or High-Grade Serous Cancer stage IlI; (c)

ovarian pathology reference recorded.

H&E patients’ biopsies staining
Paraffin sections were cut at 4 um thickness. Hematoxylin and eosin staining was performed using
the ST Infinity H&E Staining System (Leica Biosystems) in Leica Autostainer ST5010 XL.

Paraffin was melted prior to staining by heating the slides at 60°C for 30 minutes, then slides were
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deparaffinized by performing 3 x 2-minute washes in xylene, 3 x 1-minute washes in 100%
ethanol, and 1 x 1-minute wash in 95% ethanol before rinsing in tap water. Slides were incubated
for 30 seconds in Hemalast, for 5 minutes in hematoxylin, and were rinsed for 1 minute in tap
water. Next, slides were incubated for 30 seconds in Differentiator and 1 minute in Bluing agent,
with each step followed by a tap water rinse for 1 minute then 95% ethanol for 1 minute. Slides
were stained with eosin for 30 seconds, dehydrated in 95% ethanol for 1 minute, 4 minutes in
100% Ethanol, and 2 x 1 minute in 100% ethanol, and cleared for 3 x 2 minutes in xylene. Every
step after the initial heating of the slides was done at room temperature.

H&E Staining of mammalian (bovine)-derived scaffolds

Bovine derived collagen scaffolds seeded with cells were fixed in formalin 4% for 24h at 4 degree
and then washed 2 times in PBS and embedded in paraffin. Microtome was used to cut 5um
sections form each sample. Haematoxylin and Eosin (TSC biosciences, UK) staining was
performed following these steps: 10’ in Histochoise (Sigma), 4’ EtOH 100%, 4’ EtOH 95%, 4’
EtOH 70%, 4> dH20, Haematoxylin staining (tcs biosciences, 1:2 dilution in dH20) 1’ and wash
with water. Eosin staining (tcs biosciences, 1:5 dilution in Dh20) 2°, wash with water, 2° EtOH
70%, 2’ EtOH 95%, 2° EtOH 100%, 5’ Histochoise (Sigma) and mounted with DPX.

H&E Staining of R.Pulmo-derived scaffolds

Haematoxylin and eosin staining were performed using the ST Infinity H&E Staining System
(Leica Biosystems) in Leica Autostainer ST5010 XL. Paraffin was melted prior to staining by
heating the slides at 60°C for 30 minutes, then slides were deparaffinized by performing 3 x 2-
minute washes in xylene, 3 x 1-minute washes in 100% ethanol, and 1 x 1-minute wash in 95%
ethanol before rinsing in tap water. Slides were incubated for 30 seconds in Hemalast, for 5 minutes
in hematoxylin, and were rinsed for 1 minute in tap water. Next, slides were incubated for 30
seconds in Differentiator and 1 minute in Bluing agent, with each step followed by a tap water
rinse for 1 minute then 95% ethanol for 1 minute. Slides were stained with eosin for 30 seconds,
112 dehydrated in 95% ethanol for 1 minute, 4 minutes in 100% Ethanol, and 2 x 1 minute in
100% ethanol, and cleared for 3 x 2 minutes in xylene. Every step after the initial heating of the

slides was done at room temperature.
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Picrosirious red staining

R. Pulmo-derived collagen scaffolds seeded with cells were fixed in formalin 4% for 24h at 4
degree and then washed 2 times in PBS and embedded in paraffin. Microtome was used to cut 5um
sections form each sample. Collagen fibrils were indicated histologically with picrosirius red
staining. Sections were hydrated through descending concentrations of ethanol and stained with
0.1% (w/v) picrosirius red solution for 1 hour at room temperature. After water wash, slides were
dehydrated in ascendant concentrations of ethanol before being mounted in DPX and protect by a

coverslip.

Microscopy

Brightfield images

After scaffold fabrication, Keyence BZX800 using a 4x objective and a final stich process was
used to show the entire scaffold surface. The microscopy image stitching process consists of two
main steps: acquiring the images and combining them. During image acquisition, the camera is
moved across the area to be captured and a sequence of images are captured in a pre-defined pattern
set to cover the entire scaffolds area. Combining these images is done in the Keyence BZX800

software (https://www.keyence.com/landing/microscope/lp_fluorescence.jsp).

Live-Death Imaging

After 7 days of culture, scaffolds with cells were incubated with 2 pl of 50 M calcein AM working
solution and 4 pl of ethidium homodimer-1 stock and incubated for 20 minutes at 37°C protected
from the light. After several washes with warm media, cells were analysed by Keyence BZX800

using a 4x objective and a final stich process to show the entire scaffold surface.

F-Actin and nuclei Imaging

After 7 days of culture, scaffolds were collected and washed with 1% PBS. After fixation with 4%
paraformaldehyde for 10 minutes at room temperature, cellularized scaffolds were washed twice
with PBS + 0.1% Tween and permeabilized using Triton X-100 0.1% in PBS for 10 minutes at
room temperature. Incubation with phalloidin-488 (A12379, Fisher Scientific, 1:100) was
performed for 2 hours at room temperature protected from light. After washing with PBS + 0.1%

tween twice, incubation with Hoechst 33342 (H1399, Thermo Fisher Scientific, 1:1000) was
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performed for 10 minutes under shaking conditions and imaging was conducted with the Nikon
Al confocal imaging system, using a 20x objective. Volume recording was reported as maximum
projection and performed collecting 3 z-stacks of 200 um and step size of 10 um for each scaffold.
Chapter 4: . Incubation with phalloidin-555 (Aa34055, Fisher Scientific, 1:100) and Drag5 5 Mm
(62251, Thermo Fisher Scientific, 1:20) was performed for 2 hours at room temperature protected
from light. For coculture systems phalloidin-488 (A12379, Fisher Scientific, 1:100) and Hoechst
(H3569, Fisher Scientific, 1:1000), were incubated 2 hours at room temperature protected from
light. After washing with PBS + 0.1% tween twice, imaging was conducted with the Nikon Al
confocal imaging system, using a 20x objective. Volume recording was performed on z-stacks of
200 pum and step size of 10 pm.

Imaging of cells grown on Nunc™ Lab-Tek™8-well Chambered Coverglass (ThermoScientific)
coated with rat tail collagen and R. pulmo collagen, was performed after 24h of growing. Then
cells were washed twice with PBS and fixed with 4% paraformaldehyde for 15 at RT. Cells were
washed 2xPBS and permeabilized with 0.1% Triton-X 100/1x PBS for 15’ RT and then washed
again 3xPBS. Blocking was performed using 3% BSA/1xPBS for 30’ RT. All the antibodies were
diluted in BSA 3%. Primary antibodies (B-catenin (ThermoScientific - PA5-19469) 1:100;
Vinculin (Abcam - ab18058) 1:100) were incubated O.N. at 4 degree. The day after, cells were
washed 3xPBS for 10’ each. Incubation with secondary antibodies was performed in dark for 1
hour (antirabbit-Texas Red (life technologies - T6391) 1:400; antimouse-Texas Red (life
technologies - T6390) 1:400). Cells were washed 3xPBS and finally incubated with Hoechst 33342
(Life Technologies Corporation, 1:4000/1xPBS). Image acquisition was performed on Zeiss LSM

710 confocal system.

PKH26 Staining protocol (Sigma-Aldrich)

Perform all further steps at ambient temperature (20-25 °C). Place a suspension containing 3x106
single cells in a conical bottom polypropylene tube and wash once using medium without serum.
Centrifuge the cells (400 xg) for 5 minutes into a loose pellet. Note: The PKH67 ethanolic dye
solution should not be added directly to the cell pellet. This will result in heterogeneous staining
and reduced cell viability.After centrifuging cells, carefully aspirate the supernatant, being careful
not to remove any cells but leaving no more than 25 pl of supernatant. Prepare a 2X Cell

Suspension by adding 0.5 mL of Diluent C to the cell pellet and resuspend with gentle pipetting to
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insure complete dispersion. Do not vortex and do not let cells stand in Diluent C for long periods
of time. Immediately prior to staining, prepare a 2X Dye Solution (8 uM) in Diluent C by adding
4 uL of the PKH67/PKH26 ethanolic dye solution to 0.5 mL of Diluent C in a polypropylene
centrifuge tube and mix well to disperse. Rapidly add the 0.5 mL of 2X Cell Suspension (step 4)
to 0.5 mL of 2X Dye Solution (step 5) and immediately mix the sample by pipetting. The final
concentration will be 4 uM. Note: Because staining is nearly instantaneous, rapid, and
homogeneous dispersion of cells in dye solution is essential for bright, uniform, and reproducible
labeling. Incubate the cell/dye suspension for 1-5 min with periodic mixing. Because staining is
so rapid, longer times provide no advantage. Stop the staining by adding an equal volume (2 mL)
of serum or other suitable protein solution (e.g., 1% BSA) and incubate for 1 min to allow binding
of excess dye. Note: Serum (or an equivalent protein concentration) is preferred as the stop
solution. Increase volume to 10 mL if complete medium is used instead of serum. Centrifuge the
cells at 400 xg for 10 minutes at 20-25°C and carefully remove the supernatant, being sure not to

remove cells. Seed cells to the desired amount.

Scaffold Shrinking

Cells were seeded on both 1%-0.1%-0.01% BDDGE scaffolds and imaged every day over a 7-day
period using Keyence BZX800 with a 4x objective and performing a stich process to record the
entire scaffold surface. Scaffold diameter analysis was performed using Imagel. First, a
Measurement Scale is set. Go to Analyze — Set Scale. In the Set Scale window, the length of the
line, in pixels, will be displayed. Type the known distance and units of measure in the appropriate
boxes and click OK. Measurements will now be shown using these settings. Then, to measure the
distance between points (diameters of the scaffold), draw a line between two points (two
extremities of the scaffolds). The status bar will show the angle (from horizontal) and the length.
Analyze — Measure (or Ctrl+M or simply type M on the keyboard) transfers the values to a data
window. Performed 4 measurements of diameters from different points of the scaffold and then
make an average.

Chapter 3:Relative scaffold shrinking was measured as the ratio of the diameter of after 7 days of

culture with MRCS5 cells to the diameter at day 1.

Cells Orientation and elongation
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Cells orientation and elongations on scaffolds was analysed using the built-in tools in NIS-
Elements software from Nikon. For each sample, 6 images collected from the whole scaffold or
from the edges and center were used as input for analysis. First, a thresholding (Binary Contrast
Enhancement) was performed. A grayscale image is converted to binary by defining a grayscale
cutoff point. Grayscale values below the cutoff become black and those above become white. The
procedure: First convert the image to 8-bit grayscale as described above. Create a 'thresholded’
binary image by using the automated procedure involves: Image — Adjust — Threshold, using
the slider to adjust the threshold. The red areas will become the black portions in the binary image.
Click 'Apply' to complete the conversion. Then proceed with orientation and elongations analysis

following software commands. The analysis was performed for each z stack.

a-SMA Quantification

After 7 days of TGFB1 treatment, cells were collected, centrifuged, and washed with 1% goat
serum in PBS. After fixation with 4% paraformaldehyde (PFA) for 10 minutes at room
temperature, cellularized scaffolds were permeabilized using Triton X-100 0.1% in PBS for 10
minutes at room temperature. After washes, blocking was performed using 1% BSA, 10% goat
serum in PBS-Tween 0.1% for 30 minutes in a humified chamber at room temperature. Incubation
with 0-SMA-488 (ab197240, 1:250) was performed for 1 hour at room temperature protected from
light. DAPI was added at 300 nM. Imaging was conducted with the Nikon Al confocal imaging
system, using a 40x objective and recording at least 3 z-stacks/scaffold.

Live Imaging

After 7 days of TGFp1 treatment, scaffolds were incubated with 2 pl of 50 uM calcein AM
working solution and incubated for 20 minutes at 37°C protected from the light. DAPI was added
at 10 ug/mL. MatTek Glass bottom microwell dishes were used for imaging. Live imaging of 115
scaffold shrinking was performed using a Fluo ViewTM 3000 confocal microscope over 24 hours
with a 10x objective for 13 cycles at intervals of 2 hours with a step size of 40 um (slices: 20) for
a total of 800 um collected from the bottom of the scaffold. For cell migration tracking, analysis
was performed over 24 hours with a 10x objective for 13 cycles at intervals of 2 hours, airy disk:

2, step size: 10 pm (slices: 43) and analysed using Olympus cellSens software.
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Fibre Orientation

OrientationJ is a software package which consists of a series of plugins for ImageJ and Fiji that
automates orientation analysis. The program computes the local orientation and the local
coherency. For each sample, 6 images were used as input of the structure tensor computation.

Flow Cytometry

Cell survival and dead cell quantification

After 7 days of culturing, scaffolds were incubated for 10 minutes in trypsin under shaking
conditions, then scaffolds were removed, and cell pellets were collected after centrifugation and
washed with PBS. Cells were incubated with 2 pl of 50 uM calcein AM working solution and 4
pl of ethidium homodimer-1 stock and incubated for 20 minutes at 37°C protected from the light.
After several washes with warm media, cells were analysed by flow cytometry using BD FACS
Fortessa. For CM experiments cells were incubated for 48h with CM. After retrieval, cells were
incubated with 2 ul of 50 uM calcein AM working solution and 4 pl of ethidium homodimer-1
stock and incubated for 20 minutes at 37°C protected from the light. After several washes with

warm media, cells were analysed by flow cytometry using BD FACS Fortessa.

FAP Expression

For 2D analysis, after day5 and day7 of TGFp1 treatment cells were detached from plate using
trypsin, cells pellet was collected after centrifugation and washed with 1% goat serum in PBS.
After 7 days of TGFp1 treatment, scaffolds were incubated for 10 mins in Trypsin under shaking
conditions, then scaffolds were removed, and cells pellet was collected after centrifugation and
washed with 1% goat serum in PBS. Cells’ pellets from 2D and 3D samples were incubated with
FAP-PE (FAB37159) for 30 minutes at 37°C protected from the light. After several washes with
1% goat serum in PBS, cells were analysed by flow cytometry using BD FACS Fortessa. Physical
parameters like forward-scatter and side-scatter were collected for each sample and monitored for
experimental consistency across replicates. Fluorescent data were collected referred to the marker
under investigation.

In conditioned media experiment, for 2D analysis, after 48h of CM 80-2/100 and TGFB1 treatment
cells were detached from plate using trypsin, cells pellet was collected after centrifugation and

washed with 1% goat serum in PBS. For 3D analysis, after 48h of 100 and TGFB1treatment,
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scaffolds were incubated for 10’ in Trypsin under shaking conditions, then scaffolds were
removed, and cells pellet was collected after centrifugation and washed with 1% goat serum in
PBS. Cells were incubated with FAP-PE (FAB37159) for 30 minutes at 37°C protected from the
light. After several washes with 1% goat serum in PBS, cells were analysed by flow cytometry
using BD FACS Fortessa.

Propidium lodide

After 7 days of TGFBI treatment, scaffolds were incubated for 10’ in Trypsin under shaking
conditions, then scaffolds were removed and cells pellet was collected after centrifugation at 500
g for 5 minutes, and incubated overnight at 4°C with 1 ml cold 70% ethanol. After adding PBS,
cells were centrifuged, and pellets resuspended in 1 ml of 0.1% Triton X-100/PBS containing 20
ul of 1 mg/ml propidium iodide and 10 pl 20 mg/mL RNase for 15 minutes at 37°C. After washing
with PBS, cells were resuspended in 300 pul of PBS and cell cycle analysis was performed by flow
cytometry using BD FACS Fortessa.

CellTracker™ Green CMFDA Dye

After 7 days of TGFpI treatment, scaffolds were incubated for 10’ in Trypsin under shaking
conditions, then scaffolds were removed, and cells pellet was collected after centrifugation and
113 washed with PBS. Cells were incubated with CMFDA dye (1 uM) for 20 minutes at 37°C
protected from the light. After several washes with warm media, cells were incubated for 10
minutes in fresh media before proliferation analyses were performed by flow cytometry using BD
FACS Fortessa.

MTT Assay Protocol for Cell Viability and Proliferation

To perform this test, SKOV3 and Caov-3 cells were seeded at a concentration of 8K cells/well in
96-well plates while 20K OVCAR-3 cells were seeded/well in a final volume of 100 pl/well. MTT
was added to achieve a final concentration of 0.5 mg/ml MTT in normal media. After incubating
2 hours at 37°C, MTT was removed and 100 ul DMSO added before mixing contents for 30

minutes on an orbital shaker protected from light. Absorbance was measured at 590 nm.

CellTiter-Glo® Luminescent Cell Viability Assay
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For the proliferation assay, ovarian cancer cells were grown on scaffolds for 10 days and analysis
performed at 4 time-points (day 1, day 4, day 7, day 10). For cytotoxic evaluation of doxorubicin,
ovarian cancer cells were grown on scaffolds for 7 days and then treated with free doxorubicin
(DOXO0), doxorubicin-loaded liposomes (DOXO-LIPO), or empty liposomes for 72 hours. To
perform the analysis, a volume of CellTiter-Glo® Reagent (Promega) equal to the volume of cell
culture medium present in each well/scaffold was added. Contents were mixed for 10 minutes on
an orbital shaker to induce cell lysis, protected from light. The plate was incubated at room
temperature for 25 minutes to stabilize luminescent signal, before transferring 100 pl (or a dilution

1:10 in media for high signals) in white opaque-walled 96 well plates to measure luminescence.

Western Blot

Cells grown on 2D plates were collected after 7 days of TGFB1 treatment using trypsin. After
quenching with fresh media and washing with PBS, cells were suspended in RIPA buffer (89901,
Thermo Fisher) and Protease Inhibitor Single-Use cocktail (100x) (78425, Thermo Fisher) and
incubated for 15 minutes on ice. After BCA quantification, 10 pg protein was loaded in each gel
lane (Mini PROTEAN TGX GELS Cat#4561096, 4-20%, Biorad). After protein transferring using
Trans-Blot Turbo Transfer Pack (Cat#1704158), membranes were blocked in 5% fat milk (TBS-
Tween 0.1%) for 1 hour and then incubated with primary antibodies: aSMA (ab5694, 1:1000) and
GAPDH (ab9485, 1:1000) over night. Secondary a-rabbit-HRP was used (A16110, Invitrogen
1:1000) and membranes developed using ChemiDoc XRS+ (Biorad).

For cells grown on rat tail-coated, jellyfish-coated or plastic plates, when confluent, they were
scraped into cold lysis buffer (RIPA buffer from Thermo Fisher Scientific) and a mixture of
protease inhibitors (P8340, Sigma) while on ice. Cellular lysates were clarified, and protein was
quantified by DC™ (detergent compatible) protein assay (Bio-Rad, Richmond, CA). Proteins (10
1) were separated on a 10% SDS-polyacrylamide gel and blotted onto a PVDF membrane. PVDF
membrane were blocked for 1 hr at room temperature with 5% BSA in Tris-saline buffer
containing 0.02% Tween-20 and incubated in primary antibody (1:1000 of E-cadherin ab1416; N-
cadherin ab12221; Vimentin sc-6260; GAPDH sc-47724) overnight at 4°C. After washing in
TBST, blots were incubated for 1 hr at room temperature with mouse or rabbit IgG HRP (1:2000
of NA931V or NA934V, Ge Healthcare) and the immunoreactive complexes visualized by the

ECL Western blotting system, using the ChemiDoc™ Imaging System.
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Reverse-transcription Quantitative PCR

Reverse-transcription PCR was performed on cells grown in 2D culture and on 3D scaffolds after
7 days. Scaffolds with cells were washed in PBS and incubated with 1 ml TRIzol RT for 10 minutes
under shaking. After removing the scaffolds, 200 ul of chloroform was added and samples were
inverted for 15 minutes, incubated on ice for 2 minutes, and centrifuged at 12,000 g for 15 minutes
at 4°C. The aqueous phase was transferred to a 1.5-ml tube and 500 pl of isopropyl alcohol added
before incubating 10 minutes at 4°C and centrifuging 12,000 g for 10 minutes at 4°C. After
washing the pellet twice with 1 ml 70% ethanol, it was aspirated and allowed to dry before
resuspending in 20 pl of water. Total RNA (500 ng) was reverse transcribed into cDNA using Bio-
Rad iScript™ cDNA Synthesis Kit. Quantitative PCR was performed using TagMan™ Fast
Advanced Master Mix on a StepOnePlus Real-time PCR System (Applied Biosystems).
Expression of MMP1 (Hs00899658), MMP2 (Hs01548727), COL1A1 (Hs00164004), HMMR
(Hs00234864), CD44 (Hs01075864), HYAL1 (Hs00201046), HAS2 (Hs00193435) was detected
using TagMan® Gene Expression Assays. 18S ribosomal RNA was used as an internal reference
for normalization. Analysis was performed using relative AACt method.

Expression of YAP1 (Hs00902712), WWTR1 (reported as TAZ, Hs00210007_m1), MMP1
(Hs00899658), and MMP2 (Hs01548727) was detected using TagMan® Gene Expression Assays.
18S ribosomal RNA was used as an internal reference for normalization. Analysis was performed
using relative AACt method.

For Jellyfish collagen model, RNA was extracted from cells grown on 2D coated plates, 3D
collagen scaffolds and spheroid using RNeasy Mini Kit (Qiagen) according to the manufacturer’s
instructions. 100 ng (cells grown on 3D collagen scaffolds/spheroids) or 1ug (cells grown on 2D
coated plates) of total RNA were reverse transcribed into cDNA using the kit from Applied
Biosystem. Primer sequences for each gene are summarized below. GAPDH and RLP19 were used
as internal references for normalisation. Quantitative polymerase chain reaction (QPCR) was
undertaken using CFX96 Real Time PCR Detection system (Bio-Rad, UK) and analysed using
relative AACt method.

MT1-MMP FW: 5'-GAGACACCCACTTTGACTC-3' REV: 5-CAGCCACCAGGAAGATGTC-3'
COL11A1 FW: 5-ACCTGACCTGCCGTCTAGAA-3' REV: 5'-TCCACCACCCTGTTGCTGTA-3'
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SNAIL FW: 5'-ATCGGAAGCCTAACTACAGCGAGC-3'REV: 5'-
CAGAGTCCCAGATGAGCATTGG-3'

E-CADHERIN FW: 5-TTATGATTCTCTGCTCGT-3' REV: 5-TCTTTGTCTGACTCTGAG-3'
VIMENTIN FW: 5-GAGAACTTTGCCGTTGAAGC-3' REV: 5- TCCAGCAGCTTCCTGTAGGT-3'
YAP FW: 5-TGAACAAACGTCCAGCAAGATAC-3' REV: 5'-CAGCCCCCAAAATGAACAGTAG-3'

Quantitative PCR for was performed using TagMan™ Fast Advanced Master Mix on a
StepOnePlus Real-time PCR System (Applied Biosystems). Expression of MSLN
(Hs00245879_m1) and EFEMP1 (Hs00244575_m1) and OPN (SPP1, Hs00959010_m1) was
detected using TagMan® Gene Expression Assays. RPL19 ribosomal RNA was used as an internal

reference for normalization. Analysis was performed using relative AACt method.

RNA sequencing

Library preparation and sequencing were carried out by Novogene (PE150). Raw fastq files were
quality-checked using FastQC [561], a quality-control tool for high throughput sequencing data.
Reads were aligned to the GRCh38/hg38 genome build using STAR [562]. Gene count tables were
generated using the —quantMode GeneCounts argument in STAR. The DESeq2 median of means
method [563] was used to normalize the gene count tables to account for sample depth. DESeq?2
116 was used to correct for multiple hypothesis testing and determine significantly modified

transcripts between control and experimental samples (FDR |1.5]).

RNA extraction from collagen scaffolds and spheroids

To collect cells from scaffold, wash in PBS, and freeze quickly (1min) in a hexane bath immersed
on dry ice. Store them at -80 degree. To fully disrupt the scaffold, submerge it in lysis buffer (RLT,
RNeasy Mini Kit, Qiagen) and use TissueRuptor 11 (Qiagen) for 20 sec maximum at full speed.
Proceed to extract RNA following RNeasy Mini Kit (Qiagen) according to the manufacturer’s
instructions. To extract RNA from spheroids, wash in PBS and incubate in 350ul lysis buffer (RLT,
RNeasy Mini Kit, Qiagen) for 5’ in ice. Store at -20 °C or extract RNA following RNeasy Mini

Kit (Qiagen) according to the manufacturer’s instructions.

DNA extraction from collagen scaffolds
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We used Papain from papaya latex (P3125, Sigma) to digest R. pulmo scaffolds. A buffer made
up of 300ug/ml of papain, 2mM DTT, 20mM NaAc ph 6.8, ImM EDTA was used to incubate the
sample at 60degree for up to 2 hours. Quant-iT picogreen dsDNA kit (Invitrogen) was used to

assess double-stranded DNA in solution. Samples were read at the emission of 520nm.

Assembly and physical characterization of liposomes

To assemble liposomes, 20 mg of total lipids including DPPC, DSPC, DOPX, and cholesterol
(molar ratio 5:1:3:1) were dissolved in methanol:chloroform solution (1:3 v/v) to a final volume
of 1 ml. The solvent was evaporated through a rotary evaporator (Buchi Labortechnik AG,
Switzerland) for 20 min at 45°C to form a thin lipid film. The film was hydrated with 1 ml sterile
water to assemble empty liposomes or 250 mM ammonium sulfate for liposomes to be loaded with
doxorubicin. The 1 ml solution was incubated for 3 minutes at 45°C followed by 3 minutes
vortexing. Lipid suspension was forced through a polycarbonate filter (200 nm; GE Osmonics
Labstore, Minnetonka, MN) ten times under nitrogen gas pressure at 45°C (filter was replaced
after 5 extrusions). Size, zeta potential, and polydispersity index (PDI) was measured using
dynamic light scattering. After the nanoparticles (NPs) were fabricated, they were loaded into
dialysis floaters in order to exchange the outside buffer with 0.9% NaCl overnight. Lipid
formulation was then incubated 1:1 v:v for 2 h at 45°C with 1 ml of 2 mg/ml doxorubicin
hydrochloride (Sigma, D1515) (dissolved in DDW). Only DOXO-LIPO NPs were loaded again
into dialysis floaters in order to exchange the outside buffer with 0.9 NaCl overnight. NanoSight

for both empty and loaded NPs was performed at the end to measure lipid NPs concentration.

Evaluation of doxorubicin encapsulation efficiency & release

Doxorubicin encapsulation and drug release analysis was performed using a Tecan Microplate
Reader. For the doxorubicin release experiment, DOXO-LIPO NPs were incubated with PBS
+10% FBS (50:50) at 37°C under shaking and samples were collected and analyzed after
0.5/1/1.5/2/4/5/8/24/48 hours. For DOXO encapsulation, DOXO-LIPO NPs were diluted 1:200 in
water and mixed (1:1 v:v) with 0.2% (v/v) triton x-100 (overall doxorubicin) or water (released
doxorubicin) in a black 96-well plate for 5 minutes at room temperature under shaking conditions.
Doxorubicin fluorescence was read at excitation 480 nm/emission 590 nm and Cy at 5.5 excitation

650 nm/emission 700 nm.
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Statistical Analysis

All data were obtained from at least three independent experiments (n = number of biological
replicates) and expressed as mean + standard deviation. The two-tailed Student’s t test with
Welch’s correction or one way/two-way ANOVA test was used to determine differences between
groups. Results were considered to be statistically significant at P-value<0.05. The statistical

analysis was processed with GraphPad Prism 6 Software (GraphPad; San Diego, CA, USA).

Chapter 7: Discussion & future directions

7.1 Reproducing mechanical features in a ovarian cancer 3D tumour model

Understanding the key underlying changes that happen during tumour initiation and progression
is necessary to develop deeper knowledge of tumorigenesis and aggressive development to better
design efficient diagnostic methods and/or treatment options. To achieve these goals, the
complexity of the TME needs to be deconstructed, into smaller, simpler and more practicable
systems-based approaches, as it is very difficult to construct 3D models comprising of, or

mimicking, all aspects of a given solid tumour environment, i.e. ovarian cancer (Figure 7.1).
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Figure 7.1. Schematic illustration of Epithelial Ovarian Cancer TME components. Made with Biorender.

Crucial to allow early diagnosis and preventive therapies in ovarian cancer is the recapitulation of
pre-metastatic processes in 3D models, to mimic the progression staging happening in the ovary
before the shredding of cancer cells in the peritoneal cavity. Indeed, located within the peritoneal
cavity, the ovaries exist within the abdominal space where the peritoneal membrane (peritoneum),
a serous membrane, separates the visceral organs from the bulk of the body and each other,
providing lubrication for the movement of the visceral organs [859]. In healthy individuals, the
peritoneal membrane modulates filtering 50-100 ml of fluid into the lymphatic vessels every hour
[860] (post-menopausal women carrying an average of 2.3 ml [861]), instead, in a diseased state,
this intraperitoneal fluid is not readily drained and a backup of liquid, termed ascites, start to
accumulate (36.7% of all ovarian cancer patients [862, 863]) promoting metastasis [864],
chemoresistance [865, 866], and mechanically stimulates the cancer with hydrostatic compression
and shear forces to exfoliate from the ovaries to the peritoneal cavities [867]. One reason for this

liquid formation is that ovarian cancer cells and cellular aggregates that are shed into the peritoneal
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cavity can physically block the homeostatic lymphatic drainage system but the exact mechanisms
have yet to be proven [868-870]. After this stage, free-floating cancer cells and cellular clusters
self-assemble and aggregate to form spheroids, overcoming anoikis [282, 869], from the ascites
have access to the most common metastatic sites of ovarian cancers: the peritoneum, the greater
omentum, the right subphrenic region, the lung, and the liver [867, 871]. For this reason many
research groups have developed bioreactors capable of systematic and controlled force stimulation
that independently explore the effects of mechanical stimuli on ovarian cancer [682]. It is
important to highlight that cancer induced or malignant ascites are not unique to ovarian cancer,
indeed other cancers, including colon, pancreatic, gastrointestinal tract, lung, and breast, feature

tumour cells in ascites and pleural effusion [860, 872].

The ovarian cancer risk factors of age and ovulation are curious because this cancer incidence
increases in postmenopausal women, long after ovulations have ceased. In a recent article
McCloskey et al. [873] provided the first evidence that human ovaries undergo additional
structural changes with age, including a significant change in the collagen architecture, similar to
fibrosis. Since in many tissues, fibrosis increases risks associated with tumorigenesis and
metastasis and, ovarian aging is associated with significant changes in the structural organization
of collagen, resulting in ovarian fibrosis, it is possible that ovarian fibrosis increases the risk of

ovarian cancer by creating a microenvironment more permissive to tumour growth [14, 523].

Linked to fibrosis, in tumours like epithelial ovarian cancer, the role of ECM stiffness and cellular
mechanotransduction is still much understudied. As previously discussed, a prominent feature of
a cell’s mechanical microenvironment is the rigidity of its ECM, but stiffness is not always
systematically associated with tumorigenic phenotype [116, 874-878] as shown for NIH3T3 cells
transformed with the H-Ras oncogene which are poorly sensitive to stiffness, or neuroblastoma
cells increased proliferation on softer substrates, and colon and prostate cancerous cells undergoing
to EMT at low stiffness [875, 879-881].

The outcomes derived from different studies trying to link substrate stiffness to enhanced
metastatic phenotype in ovarian cancer resulted in contradictory conclusions. For example, in a
model of peritoneum dissemination, ovarian cancer cells were found to be more adherent to softer

adipocyte substrates with enhanced migratory capacity, as well as being more proliferative and
233



chemo resistant. [695]. In another system using PEG hydrogels, greater proliferation was found on
arginylglycylaspartic acid (RGD) or MMP functionalized hydrogels compared to the PEG gels
alone, and less instead on stiffer hydrogel constructs [327]. Contradictory finding of enhanced
proliferation and cell aggregation within the stiffer constructs was observed in an investigation of
SKOV3 cells grown on crosslinked egg white and poly[(methyl vinyl ether)-alt-(maleic acid)]
[882]. Besides, it was reported that disaggregation of multicellular epithelial ovarian cancer
spheroids, behaviour associated with dissemination and metastasis, is enhanced by matrix stiffness
through a mechanotransduction pathway involving ROCK, actomyosin contractility, and FAK.
This pattern of mechanosensitivity is maintained in highly metastatic SKOV3ip.1 cells [883]. As
a result of microenvironment changes, epigenetic alterations can occur and play a key role in
promoting transformation and tumour growth, although the underlying mechanisms are yet to be
elucidated. Analysis of spheroid versus monolayer ovarian cancer cells showed an increase of two
epigenetic processes, DNA methylation and histone acetylation, specifically during 3D growth.
These findings support the hypothesis that ovarian cells in 3D culture are physiologically different
from their monolayer counterparts. DNA methylation changes are seen in several cancer types and
have been linked to changes in gene expression in highly metastatic tumours, while histone
acetylation has important roles in diverse processes including gene regulation, DNA damage
repair, and DNA replication, although it has been associated with both better and worse prognoses

depending on the specific cancer type [884].

In summary, the mechanical microenvironments of ovarian cancer comprise the surrounding ECM
stiffness within the primary tumour, shear stress on ovarian cancer cells/spheroid cell aggregates
within the ascites, and eventually metastatic sites ECM rigidity [682] (Figure 7.2).

Given the minimal number of ovarian cancer ECM stiffness investigations on 3D substrates and
contradictory evidences, further studies are needed to deepen our understanding of the role of
substrate stiffness in ovarian cancer mechanotransduction. Preclinical informative models linking
biophysical traits to cancer cells and stromal cells phenotype into a 3D model will help dissect the
development and outcomes of fibrotic processes in cancer and will provide a tool to test tumour
response under different mechanical constraints, and to test new strategies to target TME
dysfunctions, i.e. fibrosis, in solid tumour like ovarian cancer. For example, the use of molecular

probes for imaging fibrosis in preclinical models of liver and lung fibrosis is a new and promising
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non-invasive assessment of organ fibrosis [885]. However, more work is needed to adapt and
optimize those methods to small organs such as the ovaries. Functional imaging of ovarian fibrosis
could revolutionize the field and improve the diagnosis, prevention and treatment of ovarian

fibrosis linked to aging or cancer development.

OVARIAN CANCER MECHANICAL MICROENVIRONMENT
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Figure 7.2. Epithelial ovarian cancer mechanical microenvironment. The ovarian cancer cells experience the
surrounding ECM stiffness within the primary tumour, spheroid cell aggregates within the ascites, and potential
metastatic sites. Rigidity of the ECM enhance the metastatic phenotypes of cancer cells promoting metastasis,
invasion, proliferation, and chemoresistance. Shear stress stimulates the ovarian cancer cells via interstitial fluid flow
within the primary tumour and ascitic fluid flow triggered by gravity, bodily movements, change in the diaphragmatic

pressure from breathing, and organ movements from functions such as digestion. Made with Biorender.
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Borrowing established scaffolding tools from TE, we extensively characterize sponge scaffolds to
test them as platform for stromal cancer studies and ovarian cancer biophysical modelling. Based
on a structure of collagen fibres, the most abundant ECM components in interstitial matrices, the
material provided adequate structural support, bioactivity, and biocompatible features to test both
stromal and cancer response to variations in microenvironment stiffness. On one side, collagens
have been extensively used to model and study both primary and invasive tumours, as platforms
to mimic either processes such as ECM degradation, migration, and epithelial-mesenchymal
transition and the advanced process of intravasation, extravasation, and metastasis through
mesenchymal-epithelial transition (MET) [179]. On the other hand, when fabricated into porous
scaffolds, compared directly to the poor mechanical properties of hydrogels, this approach is well
matched to research in tissues that have load-bearing functions or in any tissue where mechanical
properties are thought to play a central role in the cellular differentiation processes under
investigation, such as in cancer [254, 318]. Therefore, the strategy employed here supported the
study null hypothesis, that porous collagen scaffolds are a meaningful model to include
microenvironment mechanical cues to study stroma and cancer mechanosensing and its effects on
activated phenotype or metastatic processes and drug sensitivity. Indeed, the major results and
take-home messages compiled against the 5 primary aims of the thesis are summarised in Figure
7.3.
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Aims & take home messages
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Figure 7.3. Aims and take-home messages summary. Our findings support the utility of porous scaffolds as
meaningful mechanically informative platforms to tailor therapy for individual patients to improve clinical outcomes,
while providing a preclinical model to test complex interaction in cancer TME, adding immune components and

testing new therapies and diagnostic tools. Image made with Biorender.

We employed a crosslinking strategy to mimic the ECM physical dysfunctions occurring in normal
and diseased states of the same tissue type. Matching the range of stiffness found in normal ovaries
and patients with HGSC in the platform, we investigated both stromal and cancer cells response
to the stiffness of the surrounding microenvironment, mimicking changes in ovaries’ mechanical
properties before pathology and at late stage cancer. To validate the model, we first studied the
previously mentioned cells compartments as monoculture, envisioning to combine both for more
complex studies on ovarian cancer early stages progression and biogenesis in the future. Indeed,
the multicellularity nature of living tissues necessitates the incorporation of stromal cells and
potentially also immune cells together with cancer cells and finally a vascular/lymphatic network

simulating dynamic blood flow.
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Interestingly stromal cells and cancer cells respond differently to the microenvironment stiffness.
First, changes in matrix rigidity are not enough to prime fibroblasts conversion into activated
fibroblasts, a feature which requires exposure to cytokines like TGFp1 or a mix of signals derived
from cancer cells like SKOV3 conditioned media in both 2D and 3D culturing conditions.
Secondly, both NFs and AFs showed an increase in cells circularity, impairment in migration and
contractility and a specific increase in YAP expression. Deeper analysis at RNA sequencing level
reported a big impact on AFs transcriptomic when cultured on stiff (St) compared to soft (So) and
a specific mechanosensing-derived effect on AFs compared to NFs when cultured on St scaffolds
specifically. In the first case the main gene signatures impacted on St relate to decrease in
locomotory behaviour, response to TGFp1, tissue remodelling and a parallel upregulation of DNA
replication, chromatin remodelling, p53 pathway which responds to stresses that can disrupt the
fidelity of DNA replication and cell division, initiating a program of cell cycle arrest, cellular
senescence or apoptosis [886].

Since both AFs and NFs were proven to be still viable on St materials, we hypothesized that
increase mechanical stiffness could be a promoter, among others described in literature (replicative
exhaustion, oncogenic RAS, p14(ARF), or hydrogen peroxide) [667], of fibroblasts senescence-
like phenotype in a fibrotic tissue, leading their enter in a ‘twilight zone’, in which they still
develop molecular, ultrastructural and contractile features typical of myofibroblasts and are
dependent on canonical TGF-f signalling. Indeed it was shown that those cells still secrete soluble
factors that promote tumour cell motility [666]. Whether fibroblast senescence functions to limit
collagen deposition in tumours [887-889] or they acquire a senescence-associated secretory
phenotype (SASP) that creates a permissive microenvironment favouring tumour development
[890, 891], has yet to be determined. In this context the establishment of a coculture of cancer
cells with stromal cells in a stiffer microenvironment could be beneficial to address those
questions. Secondly, when activated, AFs on stiffer scaffolds upregulated pathways related to
pathological diseases like prostate and colorectal cancer together with Hippo signalling pathways,
focal adhesion and cell-substrate adherents’ junctions, indicating a specific pathological-related
phenotype acquisition. Under the same stiff conditions ovarian cancer cells tested responded

differently, the most invasive (SKOV3 and Caov3) proliferate more on metastatic (MS) scaffolds
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but they all similarly showed an enhanced drug sensitivity to doxorubicin (free and NP loaded) on

stiffer substrate while viability and migratory phenotype were not impacted by the higher stiffness.

Overall, these results suggested that mechanical characteristics of the environment can impact
cellular compartments in different ways. While the stroma loses its capacity to remodel the matrix,
converging toward a ‘senescent phenotype’, possibly promoting tumour progression through the
secretion of tumour-promoting signals; cancer cells respond to stiffness increasing proliferation
but, at the same time, becoming more susceptible to treatment, which could be a promising
observation for therapies development. As our model resemble physical characteristics of both
normal ovaries and pathological ones, which represents the site where ovarian cancer originates,
those observation lead to the conclusion that physical changes resulting in the ovaries during
disease progression could be fundamental to increase cancer proliferation and further pushing
metastasis processes. But at the same time, it opens an interesting window for cancer treatment
since cancer cells are more sensitive to free doxo and lipo-doxo treatment on stiffer matrices. In
the same scenario stiffness impairs fibroblasts contractility and promote their ‘pro-tumoral

dormancy’.

Not only this investigation leads the path to unveil complexes interactions of biophysical and
biological signals in the TME but it represents a highly informative and effective model to optimize
drug candidates, mimicking native tissue distribution, and reduce animal testing, improving cost
effectiveness and avoiding ethical concerns. To this aim, 3D models like this one could gain high-
throughput applicability, simple and standardized culture protocols, analysis techniques, and
achieve high-resolution imaging as we demonstrated for our non-transparent model. In parallel,
adoption of highly cost-effective and scalable alternative sources as scaffolding biomaterials like
Jellyfish collagen reported in this thesis, could provide tuneable and bioactive materials with
highly availability in the environment for cancer researcher studies. As discussed before in the
thesis, even if marine resources harbour very promising chances, they suitability for cancer studies
must require further optimizations and the addition of modifications with adhesion peptides to
ensure that the signals provide to the cell under investigation will mimic the niche environment of

interests as closely as possible. At this stage, we believe that the R. Pulmo collagen we
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characterized in this thesis will be a more useful and interesting tool as biocompatible material in

TE applications rather than cancer molecular studies.

Another important layer of investigation in our analysis is the assessment of mechanical properties
of tissues at different levels, from nanometres to micrometres. Monitoring tissue bulk mechanics
with rheology represents a fast and straightforward tool to assess these bulk 3D model mechanics
in liquid state(s), and under physiological temperatures. Even if we were able to match our 3D
model to patients’ derived biopsies Young’s modulus and replicate the bulk mechanic reported in
literature, unfortunately, none of our investigations on the tissue mechanical properties changed in
a predictable way, i.e. to replicate in vivo fibrosis/desmoplasia progression, fibroblasts activation
on soft material should result in increased stiffness as consequence of remodelling. This effect was
hypothesised to result from fibroblast activation and culturing, or in coculture settings, too. We
concluded that coculture of cancer and stromal cells may be the only real representative way to
reproduce fibrosis staging development in vitro, since many evidences showed that not only

fibroblasts are crucial for ECM turnover, but also cancer cell influence.

More importantly, tissue rheology has been already tested as possible complementary procedure
to advance histological diagnosis of colon cancer [385]. Researchers evaluated the potential of
nanoscale AFM and macroscopic shear rheometry to assess the mechanical properties of healthy
and cancerous human colon tissues, demonstrating that rheological parameters can be useful
measures of colon cancer mechanopathology to be coupled with histopathological grading to allow
more accurate colon cancer diagnosis and improve prognosis. Both AFM and shear rheometer can
quantify the mechanical properties of soft tissues and are promising tools for cancer diagnosis and
to assess potential anticancer effectiveness, in fact they are currently gaining a lot of interests in
the clinical routine [315-317]. Even if there are non-invasive techniques, i.e. shear wave
elastography (SWE) and magnetic resonance elastography (MRE) [310-312], these methods have
drawbacks mainly related to the complex structure of the tissues and the location of the organs
away from the source of excitation [310, 313]. AFM analysis is envisioned as a complementary
procedure in the advanced diagnosis of cancer, ex vivo, providing surface imaging and
nanomechanical characterization of cells and tissues under physiological conditions [892-894]

coupled with ex vivo rheometric analysis.
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7.2 Current 3D models in preclinical cancer for biophysical studies

Generation of multicellular spheroids that allow the formation of a core with hypoxic and quiescent
cells. Growing as independent cellular aggregates, they mimic anticancer drug resistance
compared to conventional cultures [895], but fail to reproduce cancer-environment interactions. In
this framework, ECM components have been introduced to expose cells to appropriate physical,
chemical, and mechanical cues. Those cultures reported significant phenotypical and behavioural
differences between normal and metastatic epithelial cells. In scaffolds-based 3D model systems,
different materials are exploited to model different tumour stages. Collagen, Matrigel and
hyaluronic acid materials have been the most common natural materials used for modelling and
studying both primary and invasive tumours, as platforms to mimic either processes like ECM
degradation, migration, and epithelial-mesenchymal transition and the advanced processes of
intravasation, extravasation, and metastasis through mesenchymal-epithelial transition (MET).
Synthetic polymers like PEG or nanofibre scaffolds (RAD16-1) functionalized with
adhesive/recognition sites for integrin binding or protease degradation are also useful to study the
effect of tumours on ECM [179]. Among the most common cancer study models scaffold-base
hydrogels (for simple cell culturing or as medium for spheroids or organoids creation), porous
scaffolds and microfluidic devices all harbour advantages and disadvantages and their choice for

cancer studies is highly context-dependent.

Assessment of the mechanical properties of a hydrogel system is usually performed at the macro
scale (using tensional or shear rheometry) or using high-resolution tools such as AFM which are
suited for sub-cellular nanoscale measurements, and are limited to measuring near-surface stiffness
in 2D or cut tissue sections [896]. Other non-contact techniques such as ultrasound elastography
or magnetic cytometry can give information at the macro scale but cannot capture local mechanical
variations around cells or mimic a cell’s ability to interrogate its surroundings [897]. Those
technologies can support impactful research but also limit our technical ability to monitor and

characterize tissue mechanics at the cellular length scale during tissue morphogenesis and disease.
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The elective techniques used to detect the stiffness of single cells, including AFM or optical
tweezers, can measure forces ranging from sub pN to a few hundred nN, which are not suitable for
measurement of larger 3D cellular structures such as spheroids, whose mechanical characteristics
have not been fully studied. One strategy is to use micro tweezers that measure forces from sub-
hundred nN to mN. This wide force range was achieved by the use of a chopstick-like motion of
two cantilevers, which facilitates easy handling of samples and microscopic observation for

mechanical characterization on normal and cancerous spheroids [898].

Another interesting strategy to detect mechanical cues occurring during 3D cellular aggregate
formation is the use of fabricated polyacrylamide microbeads as built-in pressure sensors to locally
measure changes in mechanical stress to understand how a compressive stress (which occurs
physiologically during tumour growth) is distributed within the 3D cellular aggregates. Dolega et
al. reported that cells at the spheroid surface continuously proliferate and actively rearrange under
compressive stress [377, 899]. Hypothetically, the high availability of oxygen and nutrients at the
surface lead the outer layer to proliferate, generating tension and contraction. Compressive stresses
dissipate towards the less dense core of multi-cellular spheroids, where contractility is reduced as
nutrients and oxygen are depleted. Others used similar microscopy-compatible probes that report
quantitative, directional, and real-time measurements of stress at cellular- and supra-cellular length
scales within engineered tissues to achieve localized measurements at the length scale of individual
cells (10s of um) with a large dynamic range from 10-1000s of Pa. Those studies found that cells
located at the spheroid’s periphery exhibit greater contractility, as evidenced by increased
expression of phosphorylated myosin, and that these differences in mechanical forces are
associated with activation of mechanosensitive signalling pathways involving YAP/TAZ
transcription factors, which hypothetically could give rise to distinct differentiation profiles and

spatially regulated biological activity [900].

Embedding multicellular spheroids within gels of defined mechanical properties (e.g., agarose
gels) was one of the first experimental approaches to mimic tumour growth in a constraining
environment, reproducing the compressive stress accumulation at the tumour-stroma interface
[901]. In particular, researchers reported that in homogeneities in the mechanical properties of the

confining tissue can guide morphological changes in tumour growth, independent of cell
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migration, by inducing apoptosis in regions of high compressive stress and allowing proliferation
in regions of low stress [902]. Those models can provide useful insight into how compression

directly influences tumour development, disclosing the role of mechanical stresses in the process.

Both hydrogels and porous scaffolds derived from regenerative medicine studies and, while the
first found a wide application in cancer studies related to easy handling, transparency of the
medium which allows easier imaging , porous scaffolds are still under investigation in the field
but they offer a huge potential for tuneable and customizable biomechanical properties and
structural stability. Another improvement strategy could be to couple them with bioreactors to
provide close control and monitoring of the environment (e.g., temperature, pH, nutrient supply,
waste removal), together with higher reproducibility and automation. Media flow systems will
allow for circulation of nutrients, removal of wastes, and homogeneity of the environment within
the reactor, ideal for high-volume cell production, drug testing (also employing nanoparticles) and

ex Vivo tissue engineering applications.

Alongside bioreactors, progresses in 3D bio-printing will improve the diversity, fidelity, and
capacity of 3D culture models like hydrogels in cancer research. 3D bio-printing techniques can
generate geometric constructs containing viable cells but can also simplify high-throughput
applications with precise reproducibility [903]. Besides, to achieve a complexity closer to the in
vivo and to mimic a living tissue and a more natural ECM secretion, it is the inclusion of cell types
such as fibroblasts, endothelial cells, and mesenchymal stem cells in coculture with cancer cells to

enable production of endogenous ECM by the stromal cells.

Sometimes the scaffold itself can be the innovative therapeutic strategy. The concept of creating
an artificial niche can be integrated with the potential to capture tumour cells actively
disseminating in the peritoneal cavity to create a therapeutic strategy modulating the interactions
of metastatic cells with the ECM. This idea was tested with the aim of transforming a disseminated
disease into a focal disease. Researchers developed a “biomimetic” ECM composed of a non-
resorbable 3D scaffold with collagen coating on different murine preclinical models of advanced

ovarian cancer, showing the possibility for control of peritoneal carcinomatosis upon primary
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ovarian debulking surgery and to expand the percentage of patients who are candidates for second

rescue surgeries at the time of relapse [904].

Perhaps the most exciting developments have been the recent organs on chip (OoC) methods,
which allow for the construction of connected chambers that mimic different organ compartments,
for example liver ducts and blood vasculature [696]. Tumour-on-chip platforms have been
designed to recreate controllable culture environments, mainly to investigate blood circulation,
drug delivery, intravasation, and extravasation processes occurring during tumour progression
[905-907]. Unfortunately, the extensive user training required for multistep fabrication, specific
set-up equipment, small-volume culture and staining protocols, the use of polydimethylsiloxane
(PDMS) for fabrication which can absorb small hydrophobic molecules like biomolecules and
drugs from the solution [908], and difficulties in recovering seeded cells for further
characterization represent a few of the disadvantages in using such platforms. Finally, it is
important to note that organ on chips can exhibit significant variation and inconsistency between
different manufacturing batches, not only from different laboratories but even different fabricators
in the same group [909].

Aside for drawbacks and limitations, all those models found applications in cancer mechanical

studies, providing crucial information in the field of cancer biophysics.

7.3 Future directions: ECM complexity and coculture establishment

A good of the 3D platform is to enable molecular, cellular and tissue level resolution traits to be
mimicked in the laboratory. In addition, any model needs to be compatible with small chemical,
hormonal or peptide insult to enable mechanism of action to be studied and analysed using an array
of tools, from gene therapies to small chemical tool compounds. Besides, downstream analysis
tools such as the suites of cellular and molecular evaluation assays need to be compatible, to enable
the efficacy of anticancer agents to be studied, discover potential target genes for therapy, and
reveal signalling pathways relevant for tumour progression. With all the advantages of 3D

monoculture and coculture systems, the insights they provide will increase our understanding of
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the tumour micro-milieu while developing and testing new cancer therapies in vitro, attacking two

possible targets: the tumour cell and its environment.

Many factors in the TME have multiple effects on different cellular compartments, as we
confirmed in our investigation the TGF-B1 activation of stromal differentiation into ECM-
remodelling CAFs, biochemical activation signals that can be specifically secreted by tumour cells.
Additionally, TGF-B1 secreted by CAFs can induce STAT3 signalling in tumour cells [910].
However, in PDAC, TGF- B1 loss in tumour cells is associated with increased desmoplasia and
enhanced matrix tension. The pronounced desmoplasia triggers B1-integrin mechanosignalling that
promotes tumour progression through STAT3 activation. These observations show the complexity
of TGF-B1 signalling in tumour and stromal cells, which can have pro- and anti-tumorigenic
functions depending on the context. This further strengthens the need to tackle solid tumour
cancers as multiple pathologies with a lot of commonalities but a lot of distinctive characteristics,

too.

Most importantly pairing cancer cells with their specific milieu is the first step to achieve a
meaningful in vitro preclinical model. To this aim, investigating ovarian cancer cell line SKOV3
ability to prime fibroblasts into CAFs through their secretome, compared to TGFB1 effect was
evaluated. The final goal would be to optimise a coculture system, where collagen type | based
collagen scaffolds could accommodate both cancer cells and stroma, allowing both contact and
chemical interactions to test new anticancer or anti-stroma drugs as mono or combine therapies.
To achieve this, the tumour—stroma ratio (TSR) can be mimicked [742, 911]. The aim of this
ongoing study would be to evaluate the reproducibility of the TSR phenotypes on a 3D model and
elucidate the association between TSR and prognosis in ovarian cancer. Indeed, haematoxylin-
and-eosin-stained tissue sections from the most invasive part of the primary tumour evaluated TSR
in ovarian cancer patients reporting that stroma-rich tumours had worse prognosis and higher risk
of relapse compared with those in stroma-poor tumours. Considered easy to determine for routine
pathological examination, TSR may serve as a new prognostic histological parameter in OC [746]

and 3D models could provide a platform to test drug sensitivity in this histological scenarios.
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Indeed, anti-stromal therapies are already under evaluations in different cancers such as pancreatic
(PC), in which despite the availability of potent chemotherapy regimens, such as 5-fluorouracil,
folinic acid, irinotecan, and oxaliplatin (FOLFIRINOX) and nab-paclitaxel plus gemcitabine,
treatment outcomes remain unsatisfactory. The presence of an abundant fibrous stroma in PC is
considered a crucial factor for its unfavourable condition, acting as a physical barrier to restrict
intertumoral cytotoxic drug penetration and creates a hypoxic environment that reduces the
efficacy of radiotherapy [912]. Assessing the potential benefits of agents targeting several cellular
(e.g., trans retinoic acid, Vit A and D analogues, anti-fibrotic agents, angiotensin Il antagonists,
micro RNA and Hedgehog inhibitors to target the pancreatic CAFs called stellate cells) and
acellular (e.g., PEGPH20, PEGylated human recombinant hyaluronidase PH20, to target
hyaluronan) elements of the stroma are under clinical studies evaluation [913]. Many strategies
are currently under evaluation [748], i.e. employing neutralizing antibodies like Galunisertib and
Fresolimumab to target TGF3 pathway prevents radiation-induced acceleration of breast cancer
progression [914], or using Sibrotuzumab, a humanized monoclonal antibody binding FAP, which
failed in 2003 a phase Il clinical trial for metastatic colorectal cancer (NCT02198274) [915] but it
was replaced by RO6874813 antibody against FAP in a clinical trial started in 2015 still ongoing
(NCT02558140), to target solid tumours with FAP+ stroma [916] .

Beyond fibroblasts and the extracellular matrix, the tumour microenvironment of HGSOC has
other important elements that may influence treatment response, such as immune cells.
Interestingly, HGSOC was one of the first human cancers in which an association was found
between an increased density of intraepithelial tumour-infiltrating lymphocytes (TILs) and longer
patient survival [917], especially in BRCAl-mutant tumours for reasons that are unclear. An
improved understanding of the determinants of TIL density in HGSOC may assist in the
development of immune checkpoint therapies in this disease. Not only immune cells but also
mesothelial cells which line the peritoneum and pleural cavity dynamically interact with HGSOC
cells [918-920]. Studying the complexity of the HGSOC tumour microenvironment suggest that
combination therapies targeting different elements are more likely to be successful than single
agent approaches. For example, a current clinical trial combines a Toll-like receptor 8 (TLR8)

agonist to activate antigen-presenting cells, liposomal doxorubicin to stimulate immunogenic
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tumour cell death, and PDL1 blockade to activate T cells
(ClinicalTrials.gov identifier NCT02431559).

As we continue to develop a better understanding of the complex interactions between a
heterogeneous milieu of cellular and noncellular contributors in the TME, we will be able to
improve stroma-targeting strategies and combinational therapies to promote immune responses

and design more effective anticancer therapies starting from the preclinical evaluation.

Another important improvement that we are carrying on in our research is the fabrication of
collagen-HA scaffolds to understand how HA with different length and molecular weight could
promote chemoresistance in ovarian cancer cell lines. As reported here, the HA ratio tested
mimicked differences in stiffness but not to the degree in pathogenicity, failing in inducing
fibroblasts activation. Results showed that only ‘physiological scaffold’ co/HA HW was able to
promote fibroblasts MMP1 and CD44 expression, suggesting an activation of remodelling
functions and cell-matrix interaction. We believe that this scaffold will require further tuning to
achieve a higher biological meaning and require an adjustment of the ratio between collagen/HA
to achieve a significant biological readout and a detectable level to verify HA presence in the
scaffold using analysis like TGA. We are currently carrying on further optimizations on the
fabrication protocols to then investigate both SKOV3, OVCAR-3 and HA interactions role in
mediating chemoresistance to carboplatin (CBP) as monotherapy or combination with paclitaxel
in a 3D scaffold with LW (pathogenic) and HW (physiologic) HA. Carboplatin and paclitaxel
association is, by now, the standard first-line chemotherapy regiment [921]. SKOV-3 cells
represents the most resistant to CBP (LDso = 184 uM), while OVCAR-3 showed lower resistance
(LDso =113 uM) [922]; instead paclitaxel (taxol) sensitivity is similar among the 2 cell lines [923-
926].

Specifically, previous studies showed that HA induces chemoresistance against CBP [927], and
increases the expression of the ABC transporters, ABCB3, ABCC1, ABCC2, and ABCC3in
ovarian cancer cell lines expressing the HA receptor, CD44 [928, 929]. Furthermore, HA
production in ovarian cancer cells was increased in tissues from patients that received neoadjuvant

chemotherapy and at recurrence compared to tissues collected at surgery prior to any treatment.
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SKOV-3 cells, the most CBP-resistant cell line, produces the highest levels of HA but treatment
with LDso CBP dose significantly increased HA secretion in the CM of OVCAR-3 (4.1-fold) and
SKOV-3 cells (1.6-fold). Indeed the addition of either neutralizing CD44 antibody or HA
oligomers (6-10 sugar residues), which interact monovalently with CD44 and competitively block
polyvalent interactions between CD44 and endogenous HA, blocked the HA induced
chemoresistance in CD44 positive ovarian cancer cell lines (SKOV3) but not in the CD44 negative,
OVCAR-3 cells [922]. Our model will help assess chemoresistance dependence from CD44-HA

interaction and will provide new indications for ovarian cancer treatment therapy.

7.4 Improving the preclinical environment: mimicking tumour progression

through the third dimension with patients derived models

From the experimental models presented so far, co-cultures and xenograft or syngeneic mice
models are fundamental to preclinical cancer research, but substantial gaps still exist between the
results of these experiments and those obtained in clinical settings. Not only communication
between researchers and medical professionals will be crucial in determining the next steps to
bring discoveries to patients but also inclusion of patient-specific genetic and epigenetic

background in the preclinical evaluation will help design more effective anticancer therapies.

A summary evaluation of the 2015 American Cancer Society (ACS) challenge goal showed that
overall US mortality from all cancers combined declined 26% over the period from 1990 to 2015.
The projections for 2035, analysed using a statistical modelling approach, is a challenge goal for
the American Cancer Society (ACS) of 40% reduction in cancer mortality from the 2015 level
[930]. Accomplishing this reduction in cancer will clearly involve better application of today’s
tools for cancer prevention, detection, treatment, and assurance of quality of life for patients with
cancer, survivors, and their families together with sustained research effort to develop the next

generation of tools to understand, prevent, and better control all cancer types [931].

Although screening tests for the early detection of cancer include those for breast, cervical,

colorectal, lung, and prostate cancers; enhancing diagnostic or prognostic accuracy of those
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tests, decrease patients discomfort, a reduction of the costs related to testing are needed. With only
4 of the 20 most common cancer types in the United States having a proven screening method to
reduce mortality by identifying early stage lesions, developing such tools for other high-incidence
malignancies, with an annual cumulative incidence >300,000 and mortality >150,000, is equally
and urgently pressing. Often those tumours are diagnosed at advanced stages, when complete
surgical resection is difficult or impossible and chemotherapy or radiation are of limited benefit,
i.e. pancreatic ductal adenocarcinoma and ovarian high-grade serous carcinoma, both with an

unfortunate 5-year survival rates [932, 933].

In this framework, the future of medicine appears to be precision and personalized medicine.
Precision medicine approaches patient care based on a genetic understanding of their disease (e.qg.,
blood transfusion according to blood typing and autologous grafting), targeting specific disease
variants and providing patient-tailored therapies. In this framework, patient-based models display
unique features as a result of the cell donor’s genetic and epigenetic backgrounds, lifestyle, and
medical history, so the models can be used to evaluate drug efficacy and responses as a precision
medicine approach. Technological advances, incorporation of multiple cell types, extracellular
matrix proteins and soluble factors that constitute the tumour microenvironment are leading to a
broader use of human-derived tissues in cancer research [934, 935]. In line with this, our
investigation successfully reproduced physical features derived from patients tissue in a 3D model,
providing new insight into the tumour matrix biophysical parameters effect on drug sensitivity,
stromal responses and activation, creating a common ground to tackle solid cancers. When tumour
tissue is cultured in vitro, the microenvironment can be tuned, and more features are easier to
manipulate and analyse than in mouse models. Furthermore, we envision our scaffold as an easy
to manufacture, handling, high throughput platform to create coculture systems which will mimic
tissue biological and biophysical complexity, allowing drugs testing and helping building a tailored
personalized treatment, while providing an informative platform to guide desmoplasia
mechanisms characterization, chemoresistance and test new anti-stromal/fibrotic therapies
(Figure 6.4).

Current patient-derived tumour models used in preclinical cancer research mainly include 3D

culture systems (like organoids, spheroids, cancer-on-chip), organotypic tissue slices and patient-
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derived xenograft models and each model system has its own intrinsic advantages and restrictions
and no single model right now will be able to address all questions or accurately predict therapy
response and drug resistance [936, 937]. Indeed, integration of data coming from multiple
preclinical models coupled with computational systems biology analysis could help better predict
clinical response. In fact, faithfully modelling the complex tissue architecture and cellular
interactions as well as mimicking the genotypic and phenotypic evolution that can occur during
treatment remain a huge challenge, with drug discovery representing the most striking
disconnection point between promising preclinical results and unconclusive clinical outcomes

(rate of success for oncologic drugs of <10% from Phase 1 to FDA approval) [938].

Inclusion of primary patient-derived cells will enable the development of more accurate 3D
models, retaining the patient and tumour characteristics and more appropriately capturing tumour
heterogeneity in the population [939]. More cancer type-specific models are also necessary for
establishing aetiologies, studying cancer progression, testing interventions, assessing tumour
dormancy/quiescence (like high-grade serous ovarian cancer [940]) to predict and monitor disease
recurrence. Besides, biobanks of patient-derived 3D cancer models could refine our understanding

of interpatient heterogeneity, paving the way for personalized cancer therapies.

Overall, these platforms represent a novel, reliable preclinical patient-specific platform to bridge
the gap between in vitro and in vivo drug testing assays, providing preclinical evaluation of drug
cytotoxicity, efficacy, and efficiency for effective cancer treatment [941-948]. Similarly, it could
help identifying predictive biomarkers that, when advanced to clinical trials, will help to

distinguish those patients who are likely to benefit from a drug.
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Workflow for potential use of 3D biophysically mimetic scaffolds as preclinical model

Patient
o Cancer Associated
Fibroblasts
Y 4 Primary cells _,
el / extraction o e —
Biopsy .
‘I‘ Mechanical Turmour cells
/ evaluation
(*ex vivo analysis
with AFM and
rheology)

Porous scaffolds
mechanically
matched to
*ex vivo data

in vitro preclinical model establlishment

Drug testing

|

)
> 8
Cancer Associated
Tumour cells
Fibroblasts dmot

{ J )

3D in vitro modeling -
mechanotrasduction
studies in cancer

Desmoplasia
characterization,

Cancer-stroma coculture chemoresistance
(match histology TSR) processes, immune
infiltration,
new therapies and
diagnostic tools testing.

Personalized treatment

Figure 6.4. Porous scaffolds and mechanical evaluation implementation in clinical setting. Our findings support

the utility of porous scaffolds as meaningful mechanically informative platforms to tailor therapy for individual

patients to improve clinical outcomes, while providing a preclinical model to test complex interaction in cancer TME,

adding immune components and testing new therapies and diagnostic tools. Image made with Biorender.
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