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Abstract

Tissue mechanics determines tissue homeostasis, disease development and progression.
Bladder strongly relies on its mechanical properties to perform its physiological function, but
these are poorly unveiled under normal and pathological conditions. In addition, the bladder
is a multilayer organ and it is thus needed to understand tissue mechanics at the microscale,
spatially resolving the different bladder layers and their contribution to altered tissue
mechanics. This thesis aimed to characterize the micromechanical fingerprints of the healthy
bladder wall, and to identify modifications associated with the onset and progression of
pathological conditions of actinic cystitis and bladder cancer. To do so I used two
indentation-based instruments (an Atomic Force Microscope and a nanoindenter) and
compared the micromechanical maps with a comprehensive histological analysis. I found
that the healthy bladder is a mechanically inhomogeneous tissue, with a gradient of
increasing stiffness (in terms of Young’s modulus, YM) from the urothelium to the lamina
propria, which gradually decreased when reaching the muscle layer. Stiffening in fibrotic
tissues correlated with increased deposition of dense extracellular matrix in the lamina
propria. An increase in tissue compliance was observed before the onset and invasion of the
tumor. In addition, aiming to establish an experimental approach that would facilitate its
application to the clinical environment, I here used Brillouin imaging to investigate healthy
and fibrotic bladder, and confront the mechanical information from this non-contact
technique to the gold-standard in nanomechanics (indentation-based mechanical tests). While
Brillouin imaging reported the same mechanical trend observed by indentation-based
mechanical tests when investigating intrinsic mechanical heterogeneities of the bladder wall,
a decrease of Brillouin shift in fibrotic bladder was observed contrary to the increased YM
measured by indentation-based mechanical tests, thus highlighting different physical
phenomena detected by the different techniques and the need to further investigate
correlations between both techniques. By providing high resolution micromechanical
investigation of each tissue layer of the bladder, I here depicted the intrinsic mechanical
heterogeneity of the layers of the healthy bladder as compared with the mechanical properties
alterations associated with either actinic cystitis or bladder tumor; and provided an accurate

comparison of the gold-standard technique in biomechanics to Brillouin imaging.
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Part of the introduction presented in section 1 (1.1, 1.2 and 1.3.1) and section 2 (2.3) has
been published in the following publication: Martinez-Vidal et al., “Causal contributors to tissue

stiffness and clinical relevance in urology”, Nature Communications Biology 2021.



1. Introduction — Mechanobiology and mechanomedicine

1.1. Mechanobiology relevance

The concept that malignancies have an increased consistency and rigidity compared to the
surrounding healthy parenchyma is well known in medicine, as palpation of solid masses during
physical examination has been the mainstay of tumor diagnosis for centuries. While this example
represents an old-fashioned and unaware use of the mechanical properties of tissues for clinical
purposes, Mechanics is emerging as a pivotal hallmark for several diseases and pathologies. The
extracellular matrix (ECM) is a highly dynamic matrix that, far from being a passive filler, plays
important regulatory functions in health and disease. Over the years, it became clear that the ECM
influences cell behavior not only by means of its chemical composition, but also by its physical and
mechanical properties (Hadden et al, 2020; Lu et al, 2012). Remarkably, single cancer cells seem
to be softer and more deformable than their normal counterpart, probably to favor their movement
and progression within the tumor microenvironment and beyond (Alibert et al, 2017). Indeed,
mechanomedicine is an emerging multidisciplinary field focused on understanding how physical
forces and cell and tissue mechanics regulate cell behavior, development, and tissue organization in
physiological and pathological conditions (Naruse, 2018). Mechanomedicine, at the intersection
between biology, medicine, physics, engineering and material science, studies how specific diseases
have particular mechanical fingerprints (Janmey & Miller, 2011) (Figure 1), as are cancer, fibrosis,
aging, cardiovascular diseases and chronic diseases as diabetes. Therefore, quantitative cell and
tissue mechanobiology potentially offers the possibility to add a new class of hallmarks of diseases

by identifying the changes in their physical properties.
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Figure 1. Schematic overview of the major diseases in which tissue stiffness is altered. The hallmark of
fibrosis is excessive extracellular matrix (ECM) synthesis and deposition that improve liver matrix
remodeling and stiffening. In addition to change the amount of collagen deposited in the ECM, the alignment
of the collagen fibrils is also contributing significantly to the alteration of the stiffness of tissues matrix.
Increased matrix stiffness is not only a pathological consequence of fibrosis in traditional view, but also
recognized as a key driver in pathological progression of fibrosis and cancer. Moreover, it is very likely that
significant changes in cell and tissue mechanics contribute to age-related cognitive decline and deficits in
memory formation which are accelerated and magnified in neurodegenerative states, such as Alzheimer's
and Parkinson’s disease.

Abbreviations: COPD, chronic obstructive pulmonary disease; IPF, idiopathic pulmonary fibrosis; ARDS,
acute respiratory distress syndrome; SAH, pulmonary subarachnoid haemorrhage; BPD, bronchopulmonary
dysplasia; IBD, inflammatory bowel disease; NASH, non-alcoholic steatohepatitis; ALD, alcoholic liver
disease (Martinez-Vidal et al, 2021).



Several mechanical parameters of tissues are of clinical relevance, among them stiffness is
considered one of the most important and best described mechanical parameter of biological tissues
in research (Darnell et al/, 2018; Huang et al, 2019) (Box 1), and thus the main one this dissertation
focuses on. Pathological changes in tissue stiffness can be traced to altered amounts and/or function
of its two fundamental constituents: cells (number and/or phenotype) and ECM (deposition and/or
degradation). Knowledge of abnormal tissue states and the mechanical changes that occur in disease
are important not only for diagnosis, but also for tissue engineering and recapitulation of such
diseases in in vitro models. These approaches are expected to generate novel therapeutic targets that
allow restoration of healthy tissue mechanics and mechanotransduction responses (Guimaraes et al,
2020; Mancini & Sonis, 2014). Therefore, it is not surprising that mechano-based therapies that
target increased tissue stiffness and associated cellular responses in cancer and fibrosis-mediated
diseases are emerging clinically (Tschumperlin & Lagares, 2020). For instance, targeting of the
renin-angiotensin system (RAS) by anti-RAS drugs has been shown to increase the anti-angiogenic
effects of bevacizumab in liver metastases of colorectal cancer by reducing the ECM deposition and

remodeling operated by metastasis-associated fibroblasts (Shen et al, 2020).

Box 1. Mechanics of materials: basic concepts and definitions

- Stiffness (rigidity). Most used mechanical parameter for characterization of living
tissues. It gives the resistance to undergoing (elastic) deformation in response to the
application of a force, the property of being inflexible and hard to distort (Murphy et
al, 2013). A stiff material, by definition, has a high elastic modulus (Young’s
modulus), i.e., a considerable stress is needed for a minor deformation. The stiffness
of a material is represented by the ratio between stress and strain, being the Young’s
modulus the constant of proportionality between stress and strain, and one of the
most common measures of intrinsic stiffness of the material. Units of Young’s
modulus are force unit per area, being Pascal (Pa) the most widely used.

- Viscoelasticity: time-dependent anelastic behavior of materials. This means that the
temporary response to a stimulus is delayed, and there is a loss of energy inside the
material (Friedrich-Rust et al, 2007). Viscoelastic behavior normally occurs at
different time scales (relaxation times) in the same material. Viscoelasticity can be
reported by Shear storage modulus (G’) and shear loss modulus (G’).




1.2. Causal contributors to tissue stiffness and dysregulation in malignant diseases
The ECM is a general term to indicate the tissue non-cellular components that form an
essential scaffold for cellular constituents. The structure of ECM differs in composition between
tissues but is essentially made up of collagen fibers, proteoglycans and multiadhesive matrix
proteins that are secreted by different cell types (Frantz et al/, 2010). The ECM is a dynamic
component of tissues, where there is a constant feedback loop between the ECM and the cells within
it: while cells produce and remodel the different ECM components, biochemical and biomechanical
features of the ECM direct cell phenotypes. This equilibrium of the ECM turnover and crosstalk

with the resident cells is crucial for tissues development and homeostasis.

1.2.1. Cellular contribution to tissue stiffness

- The cellular determinants of ECM remodeling

Several cell types shape the ECM structure and composition. Among them, fibroblasts are
the main producers of ECM components, including structural proteins (e.g., fibrillar and non-
fibrillar collagens, elastin), adhesive proteins (e.g., laminin and fibronectin) and proteoglycans
(Frantz et al, 2010). Moreover, they play a pivotal role in overseeing ECM quality and quantity, as
they produce different enzymes involved in the maturation and catabolism of collagens, like lysyl
oxidase (LOX), which mediates collagen fibers crosslinking (thereby strengthening the ECM), and
matrix degrading enzymes, such as metalloproteinases (Alfano et al, 2016). Under physiological
conditions, fibroblasts are generally quiescent, but they can be activated in response to a plethora
of different mechanical and biochemical stimuli (Nikos K. et al, 2019; DeLeon-Pennell et al, 2020).
Chronic and deregulated fibroblast activation is at the basis of the altered ECM metabolism
characterizing several diseases, including cancer. Chronically activated cancer-associated
fibroblasts (CAFs) represent the main source of ECM production and remodeling within the tumor
microenvironment (Figure 2, section 1, page 15) where they promote neoangiogenesis and
epithelial to mesenchymal transformation (EMT) (Goulet et al, 2019; Kalluri, 2016; Paolillo &
Schinelli, 2019; Liu et al, 2019).
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In addition to fibroblasts, macrophages express genes involved in ECM modulation, like
transforming growth factor B induced protein (TGFBI) and matrix metalloproteinase 9, which
ultimately lead to the release of associated proteins and factors in the stromal environment (Etich et
al, 2019; Lim et al, 2018; Murray & Wynn, 2011). For instance, a subpopulation of macrophages
expressing the lymphatic vessel endothelial hyaluronan receptor 1 proteins has been shown to
regulate ECM composition in the arterial wall and in the lung (Lim et al, 2018). Moreover,
macrophages can modulate fibroblast-mediated production of ECM, which contributes in turn to
the regulation of fibrosis (Wynn, 2010). It is interesting to note that the mechanical status of the
ECM can control the efficacy of TGF-beta activation by reparative fibroblastic cells and the release
of traction-mediated latent TGF-B1 stored in the ECM (Hinz, 2015). Macrophages play an important
role also in the ECM remodeling in the tumor microenvironment. Tumor-associated macrophages
(TAMs) may contribute to tumor progression by producing pro-inflammatory cytokines that will
ultimately lead to apoptosis suppression and proliferation activation (Valilou et al/, 2018). In
addition, TAMs shape tumor ECM by secreting MMPs and matrix-associated proteins, and they
organize collagen I into fibrillar bundles, as shown in a mouse model of colorectal cancer (Paolillo

& Schinelli, 2019; Emon et al, 2018).

- Cell stiffness, density and traction

Not only do cells contribute to tissue stiffness by secretion of proteins and growth factors,
but there is an important cellular contribution to the rigidity of their surrounding environment by
means of cell stiffness, density and contractility. As previously mentioned, cancer cells are softer
than their non-transformed counterparts (Ramos et al, 2014). In vitro tests have shown that
increasing ECM stiffness increases both tumor cell proliferation and invasiveness (Alonso-Nocelo
et al, 2017), although the softening of cancer cell lines was not associated with the aggressiveness
of several solid neoplasia (Ramos et al, 2014; Faria et al, 2008; Lekka et al, 2012; Zemta et al,
2018). Of particular note is the fact that the elasticity of tumor cells now represents one of the

markers for the recognition and isolation of circulating tumor cells (Osmulski et al, 2015).
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It has been reported that mechanical forces played by the neoplastic cells or cancer
associated fibroblasts in the in situ colon carcinoma are sufficient to remodel the basal membrane
to allow for tissue invasion (Glentis et al, 2017). On the other hand, it has been reported in vitro
that focal adhesion points of the cell with the substrate, resulting in the formation of stress fibers in
the cell, mediate cell traction. When cell density is high enough to keep cells close to each other,
this cell traction increases the local stiffness, an event that is particularly relevant when high density
of tumor fibroblasts or mesenchymal stem cells are seeded on a soft substrate (Venugopal et al,

2018).

Tumor progression is mediated by the ability of tumor cells to invade the tissue layers to
reach blood vessels and spread in secondary organs. Invasion by in situ carcinoma requires tumor
cells to pass the basal membrane to reach the lamina propria located below the epithelial layer.
Besides the MMP-mediated remodeling of the ECM, including the ECM composing the basal
membrane (Linder ef al, 2011), physical remodeling of the basal membrane has also been reported
to be induced independently of MMPs. The basal membrane can be remodeled by a large protrusion
of cancer cells that physically tears and then displaces the basal membrane (Kelley et a/, 2019). On
the other hand, cancer-associated fibroblasts have recently been reported to modify the ECM of the
basal membrane independently of MMPs (Glentis et al, 2017), as that in the presence of MMP
inhibitors, the physical contact between CAFs and the basal membrane was reported to sustain
invasion (Glentis et al, 2017). By applying mechanical forces on the basal membrane, CAFs
reduced the density of fibers of intermediate stiffness, creating patches of soft, inhomogeneous
material sparsely interspersed with thick fibers. By exerting contractile forces CAFs can soften the
basal membrane, thus adding a second mechanism that is proteolysis-independent to the tumor
progression of in situ carcinoma (Glentis ef a/, 2017). Because this event has not been reported for
fibroblasts isolated from the juxta-tumoral tissue, it would be important to unveil the tumor-derived
factors (i.e., extracellular vesicles) that induce transformation of fibroblast to CAFs and that

enhance their mechanical forces.
Increased local stiffness by mechanical forces due to cell traction, proteolysis-independent

remodeling of the ECM adds another piece of information regarding tumor progression and why

MMP inhibitors have failed in clinical trials (Herszényi et al, 2012).
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1.2.2 ECM deposition, remodeling and topographic reconfiguration of the neoplastic stroma
The ECM plays a crucial role in the classically defined hallmarks of cancer, from tumor
onset, progression and metastasis (Mohan et al, 2020; Cui et al, 2018), as its biochemical and
biophysical characteristics undergo constant remodeling (Stewart et a/, 2008; Eble & Niland, 2019).
During cancer and fibrotic diseases, dysregulated matrix synthesis and remodeling takes place. Cell
components of the tumor microenvironment (cancer cells, CAFs and TAMs) modulate ECM

through different activities.

- ECM remodeling proteins

Stromal cells secrete a vast variety of ECM remodeling proteins, one very important
example is LOX. LOX is an extracellular enzyme that catalyzes the crosslinking of collagen and
elastin through oxidative deamination of lysine residues (Wang et a/, 2017). Reduced LOX activity
in humans has been described in two X-linked recessively inherited disorders (e.g. Menkes disease
and occipital horn syndrome (Royce et al, 1980; Kaler et al, 1994)), while elevated LOX levels are
clinically associated with increased systemic/organ fibrosis (Murawaki et al, 1991; Kagan, 2000).
In cancer, LOX plays an important role within the tumor microenvironment since early stages of
tumorigenesis (Li et al, 2018) (Figure 2, section 2, page 15). By upregulation of LOX, CAFs
increase collagen crosslinking, altering ECM topology, directionality and mechanical properties,
ultimately leading to ECM stiffening (Wei ef al, 2017), which promotes metastasis and infiltration
of tumor-supporting immune cells (Emon et al, 2018). A positive correlation between LOX
expression and cell migration, invasion, EMT and metastasis has been observed (Emon et a/, 2018;
Mohan et al, 2020). Furthermore, LOX overexpression is an indicator of poor patient prognosis in
several tumors (Wei et al, 2017; Cui et al, 2018; Nilsson et al, 2015; Stewart et al, 2008; Liu et al,
2018). Thus, there is potential application of LOX inhibitors in clinical trials to facilitate
permeability of drugs and infiltration by tumor-killing immune cells (Ye ef al, 2020), taking into
consideration that LOX inhibitors can only reduce the further crosslinking of collagen fibers, but

not restore the already cross-linked ECM.
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Matrix metalloproteases (MMPs) are secreted by tumor cells, CAFs, TAMs and other
stromal components (Figure 2, section 3, page 15). MMPs allow for ECM degradation, necessary
for cancer cell invasion and metastasis (Paolillo & Schinelli, 2019). These proteases are implicated
in almost all steps of metastasis, and an elevated level of MMPs is directly correlated with poor
prognosis and high risk of relapse (Cho et al/, 2003; Herszényi et al, 2012). Furthermore, MMPs
release ECM-attached soluble growth factors and cytokines (Gonzalez-Avila et al, 2019), including
vascular endothelial growth factor (VEGF), which will ultimately promote neoangiogenesis,
contributing to tumor growth and potential metastatic spreading (Apte et al, 2019; Pupa et al, 2002).
For example, MMP-9 and MMP-2 cleave TGF-b, promoting tumor invasion and
angiogenesis(Hines, 2011; McCawley & Matrisian, 2001; Yu & Stamenkovic, 2000; Lambert et al,
2003; Masson et al, 2005). Werb and colleagues pointed out the role of proteolysis as a mechanism
of altering extracellular signaling (Egeblad & Werb, 2002). For instance, they demonstrate that
MMP-2 is a strong contributor to prostate carcinogenesis and that MMP-2 deficiency results in a
reduction of immature blood vessel number (Littlepage et al, 2010). Likewise, they found that
MMP-9 has both pro- and anti-tumorigenic effects, depending on the environment and stage in
cancer progression (Egeblad & Werb, 2002; Littlepage et a/, 2010). These discoveries fostered new
paradigms about the role of MMPs, the microenvironment, inflammation in development and cancer
and changed the way in which biomedical researchers view proteolysis, from ECM destruction to
extracellular signal transduction (Kessenbrock et al, 2010). After several clinical trials targeting
MMP inhibition led to disappointing results about 20 years ago, probably due to an insufficient
knowledge of the MMP interactome and of the pharmacology of the tested compounds, novel
studies are ongoing testing MMPs to activate prodrugs or facilitate drug delivery (Vartak &
Gemeinhart, 2007; Fields, 2019).
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Figure 2. Extracellular matrix and tumor microenvironment. Cell components of the TME (cancer cells,
CAFs and TAMs) modulate ECM through different activities. One of these modulations is the topographic
reconfiguration of the stroma: ECM anisotropy. By upregulation of LOX, CAFs increase collagen
crosslinking, altering ECM topology as well as directionality and mechanical properties. Increased collagen
cross-linking induces stiffer microenvironment, which modulates macrophages activation (1). Cancer-
associated fibroblasts (CAFs) represent the main source of ECM production and remodeling within the TME
where they promote neoangiogenesis and EMT (2). Tumor-associated macrophages (TAMs), microbiome
and extracellular vesicles (EVs) reshape ECM by secreting MMPs and matrix-associated proteins. MMPs
release ECM-attached soluble growth factors and cytokines, which promote neoangiogenesis, contributing
to tumor growth and potential metastatic spreading (3). Finally, cancer cells migrate along tension-oriented
collagen fibers towards the vessels. The alignment of ECM fibers yields a rigid structure that contributes to
tumor stiffness and acts as sort of highway for cancer cell migration, leading metastasis (4).
Abbreviations: ECM: ExtraCellular Matrix; TME: Tumor MicroEnvironment; CAFs: Cancer Associated
Fibroblasts; EMT: Epithelial-Mesenchymal Transition; TAMs: Tumor Associated Macrophage; LOX: Lysyl
Oxidase enzyme; MMPs: Matrix MetalloProteinases; EVs: Extracellular Vesicles (Martinez-Vidal et al,
2021).
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- ECM stiffness and topographic modification

Topographic reconfiguration of the stroma is an additional ECM modification that happens
during disease establishment and progression. The alignment of ECM fibers (i.e., ECM anisotropy
(Box 2) yields a rigid structure that contributes to tumor stiffness (Shen et al, 2020; Liu et al, 2019).
One example is the radial alignment of thick collagen bundles seen at the invasive front in breast
cancer (Etich et al, 2019). Linearization of collagen fibers has been associated with an increase of
tissue stiffness, and both properties are related to the presence of neoplastic tissue and poor
prognosis, while non-neoplastic tissue exhibits a more random orientation of fibers and lower tissue
stiffness (Liu et al, 2019; Lim et al, 2018; Murray & Wynn, 2011; Thomas A. Wynn, 2010). The
anisotropic organization of biological ECM is not a clinically applied parameter, but several studies
have revealed that the significant increase of alignment of collagen fibers (i.e., increase of its
anisotropy) has an impact on gene expression, differentiation, proliferation and migration of cancer
cells, with aligned fibers acting as sort of highway for cancer cell migration (Lim et a/, 2018; Emon
et al,2018) (Figure 2, section 4, page 15). Interestingly, metastatic breast tumors are characterized
by bundles of aligned collagen fibers oriented perpendicular to the tumor interface, highlighting the
effect of ECM anisotropy as a strong regulator of directed cell migration (Wang et a/, 2017; Kaler
et al, 1994). Another interesting example of the effect of tissue alignment in cancer invasion regards
the pattern of invasion: invading mesenchymal melanoma and sarcoma cells, which are known to
typically invade as single cells, can invade collectively when three-dimensional tissue density is
high and the activity of MMPs contribute to tissue alignment (Haeger et al, 2014; Wolf et al, 2007).
Moreover, Friedl and coworkers demonstrated in vivo that invading cancer cells preferentially
orient along aligned collagen fibers and bundles, vascular structures and nerves (Ilina et al, 2018;
Weigelin et al, 2012; Wolf et al, 2013), while mesenchymal tumour cells move collectively along
these confined trails despite their labile cell—cell junctions (Haeger et al, 2014, 2020). Interestingly,
anisotropy remodeling of ECM would probably lead to the generation of stiffness gradients, which
leads us to introduce the concept of durotaxis. Durotaxis has recently been proposed as a mechanism
driving directed migration, which is the process by which cells follow gradients of extracellular
mechanical stiffness, from soft to stiff substrate (Shellard & Mayor, 2021). The concept of durotaxis
has also been reported for several cancer cell lines, showing that cells displayed the strongest
durotactic migratory response when migrating on the softest regions of stiffness gradients (2—7 kPa),

with decreased responsiveness on stiff regions of gradients (DuChez et al, 2019). On the other side,
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a stiffer substrate promotes the proliferative capacity of cells and enhances tumor growth (Romani
et al, 2021). Durotaxis might have an important role in facilitating the forward movement of the
invasion front, where tumor cells from the tumor niche move forward following the avenues of the

stiffer ECM created by the surrounding CAFs.

Box 2. Main concepts on ECM remodeling contributing to stiffness

Desmoplasia: increased matrix production with remodeling of connective tissue
structures adjacent to the tumor (Taljanovic et a/, 2017).

Cancer-associated fibroblasts (CAFs): the main source of ECM production and
remodeling within the tumor microenvironment, promoting neoangiogenesis and
epithelial to mesenchymal transformation (EMT) (Liu et al, 2019).

Lysyl oxidase (LOX): enzyme that converts lysine into high reactive aldehydes forming
crosslinking between fibers of collagens and elastin(Johnston & Lopez, 2018).

Metalloproteases (MMPs): extracellular enzymes that degrade the ECM components
(Jabtonska-Trypu¢ et al, 2016).

Tumor-associated macrophages (TAMs): polarized macrophages that suppress
antitumor immunity and promote tumor progression (Pathria et a/, 2019).

Anisotropy: reorganization of the topography of the ECM toward linearization of the
alignment of ECM fibers (Park et al).

Altogether, the increase in ECM deposition and in its alignment facilitates cell proliferation,
migration and tumor cell invasion. As a result, neoplastic tissues are generally stiffer than the normal
tissue, due to the ECM alterations mainly induced by CAFs (Paolillo & Schinelli, 2019; Royce et
al, 1980). For example, gradual stiffening of tumor stroma along with increasing tumor
aggressiveness has been reported for several cancers, including colorectal and breast malignancies
(Zhang & Reinhart-King, 2020). Another example of the association between ECM remodeling and
disease is the fibrotic change in the prostate that results in an increase in the stiffness of the tissue,

as a consequence of inflammatory processes (Mohan et al, 2020; Zhu et al, 2019; Kwon et al, 2019).
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Stromal cells contribute to ECM and tissue stiffness and, at the same time, a high stiffness
matrix has been suggested to be important for maintaining an invasive phenotype (Stewart et al,
2008), as well as favoring EMT (Noguchi et a/, 2018) facilitating the transition from epithelial and
non-motile phenotype to a mesenchymal and motile (invasive) phenotype providing cellular
motility (Mierke, 2018). In the case of breast cancer, it has been shown that denser breast tissue is
arisk factor for breast cancer development (Barcus et al, 2017; Northey et al, 2020). Such increased
breast density is a result of increased connective tissue deposition and ECM components, mostly
collagen (Barcus et al, 2017), which is not only increased in deposition but also more oriented,
stiffer and correlated with higher epithelial cell density (Northey et al, 2020). Collagen alignment
has also been seen to have potential as a prognostic marker for invasive breast carcinoma patients
(Conklin et al, 2018; Esbona et al, 2018). This stiffer stroma increases breast cancer risk by inducing
the oncogene ZNF21771. Furthermore, in breast cancer in vivo initiation of metastasis is promoted
by a stiffer microenvironment induced by increased collagen crosslinking (Levental et al, 2009).
Interestingly, it has been shown that collagen fibril density, which is a surrogate for tissue stiffness,
modulates macrophage activation and cellular functions during tissue repair (Liu et al/, 2018), and
that cytokine secretion is enhanced with an increase of fibril density. In a different study, it was
stated that immune cells such as macrophages are sensitive to the surrounding rigidity: lesions of
higher stiffness from human breast cancer biopsies were populated with a higher number of

macrophages, resulting in an increased cellular TGF-b signaling (Goulet et al, 2019).

1.2.3 Pre-metastatic niche

Tumor cells, together with CAFs, hematopoietic progenitor cells and TAMs prepare a
suitable “soil” for incoming metastasis in distant tissues and organs. This abnormal, tumor growth-
favoring microenvironment is the so-called pre-metastatic niche (Hoye & Erler, 2016). The ECM
is closely related to tumor metastasis, and the tumor-environmental transition from softer tissue to
stiff fibrous tissue goes hand in hand with metastasis progression. First, in the primary tumor site,
primary tumor cells secrete soluble growth factors (as VEGF-a, TGFb and tumor necrosis factor
alpha) and extracellular vesicles (see section 1.2.4) containing miRNAs, integrins, growth factor

receptors and chemoattractants (Sergei Kusmartsev, 2006; Whiteside, 2017). These soluble growth
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factors and extracellular vesicles arrive at the target tissue and prime it, as a first step of preparing
a suitable microenvironment for metastasis formation (Guo et al, 2019). As a second step, bone
marrow derived cells, CAFs, myofibroblasts and TAMs colonize the niche, resulting in an altered
expression of collagens and MMPs. Finally, tumor cells that underwent EMT arrive at the target
tissue as tumor circulating cells, which they colonize to form a second tumor (Karamanos et al,
2019; Yoshida et al, 2019; Lu & Kang, 2007). Collagen stabilizing enzymes are overexpressed
during metastasis and hypoxic conditions, where they play a critical role hydroxylating collagen in
response to hypoxia-inducible factors (Karamanos et al, 2019). One example of the priming of the
tissue are breast cancer cells that metastasize to lung, where they secrete collagen and change the
organization of ECM fibers (Alfano et al, 2016; Liu et al, 2019). Colorectal liver metastasis presents
high collagen turnover together with collagen isoforms changes, contributing to the generation of a
favorable tumor microenvironment (Masci et al, 2016; Whitehead et al, 2015). On the other hand,
metastatic melanoma cells can re-organize the collagen matrix depending on their invasive
potential: the higher the invasive potential, the greater the traction force of the cell on the ECM,

resulting in a more linearized ECM where cell migration is enhanced (Weis & Cheresh, 2011).

1.2.4 Extracellular vesicles as a novel mediator of tissue stiffness

Tumor-secreted factors and extracellular vesicles (EVs) are secreted by the primary tumor
which induce pre-metastatic niche formation, by remodeling the ECM, vasculature and effects on
the immune system (Peinado ef a/, 2017). EVs have been recognized as key signaling mediators in
regulating the tumor microenvironment by transferring several bioactive molecules involved in
reprogramming and microenvironment remodeling, tumor angiogenesis, and metastasis (Peinado et
al, 2011, 2012; Hood et al, 2011). They have emerged as pivotal mediators of intercellular
communications in local and distant microenvironments under patho/physiological conditions. EVs
contain bioactive materials such as proteins, nucleic acids, lipids and several MMPs (Raposo &
Stoorvogel, 2013). These metalloproteinases are involved in altering EVs production either through
the shedding of transmembrane proteins or by directly contributing to ECM remodeling. Although
the nucleic acid and proteomic contents of EVs have been studied for their roles in the development
of various diseases and tissue repair, information regarding the secretion and biological activities of

EV-associated matrix-remodeling enzymes and their regulators is only just beginning to emerge.
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1.3. Methods to measure tissue stiffness

1.3.1. From micro to macro scale: stiffness in clinical practice

With the development of new techniques that allow us to understand the mechanical
properties and alterations of cells and ECM during disease, a new emerging hallmark arises: changes
in mechanics of cells and tissues as a hallmark of disease onset and progression (Thiery & Sleeman,
20006; Steeg, 2006; Kalluri, 2010). Nevertheless, assessing mechanical characteristics of tissues still
remains challenging. Several techniques assessing mechanical properties of tissues and cells have
been developed at different scales, aiming to address these challenges. Table 1 summarizes
commonly used techniques for the mechanical characterization of biological specimens. Different
available techniques to study tissue and organ stiffness vary in the resolution of the appreciable
modifications: atomic force microscopy (AFM) based measurements provide the finest resolution
in the micro-/nano- scale, but they are limited to ex vivo specimens. On the other hand, imaging-
based techniques, like magnetic resonance elastography (MRE), shear wave elastography (SWE),
and real time elastography (RTE), can only provide macroscale maps of tissue stiffness, thus
providing an overview of the organ stiffness. How to complement different techniques with
different resolutions is still a matter of research, and future studies are needed to define the

framework to integrate micro- and macro-scale stiffness data.

Nanotechnology allows the manipulation and inspection of matter at the nanometer scale,
and provides a new perspective to physicochemical properties of matter, including biological
systems. Advances in nanotechnology, such as the emergence of AFM (Parot et al, 2007), magnetic
and optical tweezers, super-resolution photonic microscopy, use of micro-patterns and micropillars,
and microfluidics (Kollmannsberger & Fabry, 2007) have allowed probing the mechanical
properties of cells and tissues showing that specific diseases have particular mechanical fingerprints.
For example, cancerous cells have shown to be significantly softer than normal cells (Lekka et al,
2012; Prabhune et al/, 2012) while human breast invasion and aggression correlates with
extracellular matrix stiffness (Provenzano et al, 2008; Paszek et al, 2005; Acerbi et al, 2015).
Quantitative cell and tissue mechanobiology offers therefore the possibility to add to the growing
list of molecular markers a new class of markers based on physical properties. Among the several
approaches that have been developed, AFM presents several advantages, such as the possibility of

combining topographical and mechanical imaging with high spatial and force resolution, as well as
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adding specific mapping abilities using functionalized probes (Radmacher, 2007; Alcaraz et al,

2003; Puricelli et al, 2015; Mostowy et al, 2011).

Table 1. Commonly used techniques for the mechanical characterization of living tissues

Technique Concept Modulus Sample Scale Ref
Atomic Force  Atomic-level indentation E (indentation), Ex vivo = Microscale, (Crichton
Microscopy (nanoindentation)  or  shear tissue nanoscale ¢ @201l

: Cross et al,

(AFM) rheology (atomic force 2007;

microscopy-based rheology Uriarte et

al, 2016)

Shear Application of small-amplitude G’, G”’ (shear, Ex vivo  Macroscale @ (Schachar
rheometry oscillatory shear stress and @ viscoelastic) tissue i{toacf’ezt(;lll;

quaptiﬁcation of the resulting 2011) ’

strain

Classic stress-strain analysis. E (elastic) Ex vivo | Macroscale = (Barak &
Compressive  Uniaxial stress is applied to tissue 2B(1)3;°813’
deformation @ compress the material and a

relationship is established with

the resulting strain

Magnetic resonance visualization G’, G (shear, Invivo  Macroscale (Shieral,
Magnetic of tissue deformation resulting viscoelastic) tissue, 2015;
Resonance from the introduction of shear Nl[u;glg)et
Elastography  waves into the tissue derived 5
(MRE) from external vibrations

non-invasive, promising for

clinical applications

Sonography-based non-invasive E (elastic) In vivo | Macroscale | (Friedrich-
Real Time method. It uses conventional tissue Rust et al,
Elastography  ultrasound probes to compare 2007)
(RTE) echo signals before and after

slight compression

External acoustic force pulses are  ghear wave Invivo | Macroscale = (Taljanovic
Shear Wave used to generate shear waves speed (SWS), tissue et al,2017)
Elatography which propagate perpendiculal.‘ t0  that can be
(SWE) the ultrasound beam, causing onverted into

transient  displacements that [ ,n4G

result in an image of the
distribution of the shear-wave
velocities
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The following chapter describes the principles and reviews biological applications on the
literature of the two microscale techniques used during my PhD project: AFM-based indenters and

Brillouin imaging.

1.3.2. Microindentation based techniques

AFM is becoming a prevalent tool in cell biology and biomedical studies, especially those
focusing on the mechanical properties of cells and tissues (Gavara, 2016). AFM was invented in
1986, and it belongs to the branch of scanning probe microscopy techniques. AFM can provide
nanometer-resolution maps for cell topography, stiffness, viscoelasticity and cell adhesion, and it is
possible to overlay such information with optical images of the probed material (Gavara, 2016).
This technique gathers the information by "feeling" or "touching" the surface of the sample with a
mechanical probe. The AFM probes consist in an interacting tip attached to an elastic lever
(cantilever) that bends under the interaction forces between the probe and the surface of the sample
(Figure 3). Bending of the cantilever (typically referred to as deflection) is monitored by shining a
laser light onto the gold-coated backside of the cantilever, and measuring the position of its reflected
light using a four quadrant photodiode that detects laser displacement. This deflection is then
translated into a difference of photovoltage detected by each quadrant of the photodiode, which can
discern whether the bending is caused by attractive or repulsive forces between the tip and the
sample. A set of three piezoelectric positioners allows nanometer-scale movement of the tip with

respect to the sample (in X, y and z).

AFM can be used in different modes to characterize different parameters of biological
samples. I here used AFM in force spectroscopy mode for the mechanical characterization of
biological tissues, i.e., bladder tissues. Therefore, this chapter will focus on this specific AFM

application.
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Figure 3. Schematic representation of AFM. An AFM cantilever functionalized with a colloidal probe is
used to indent the sample, cantilever deflection is detected by means of a quadrant photodiode.

AFM-based mechanical characterization is based on using the AFM’s tip to apply force on
the sample, while tracking how the sample deforms in response to such force. By measuring the
deflection of the cantilever through the extent of laser dislocation, the upward force acting on the
tip can be calculated, the sample deformation can be measured and then mechanical properties of
the sample can be determined. In this mode, AFM uses the tip of the cantilever as an indenter to
push into the sample. The resulting forces () on the cantilever tip can be calculated in the following

way:

F=k.d

where k. is the stiffness (spring constant) of the cantilever, which behaves as a hookean spring; and
d is the cantilever deflection that AFM can measure with high precision. During the measurement,
the vertical displacement of the cantilever and its deflection are recorded simultaneously, and then
converted to force-versus-displacement curve, called force curve. In a typical force (indentation)
curve or ramp, we identify two phases: approaching and retracting phase (Figure 4). During the

approach, the cantilever is moved towards the sample, which in the curve appears as a flat line as
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the tip is still too far away from the sample and does not experience any interaction force (A). When
the tip reaches the surface of the sample and starts interacting the sample surface, is the so called
the contact point (B), from which the load starts increasing and the tip moves deeper into the sample
until a maximum force is reached (C). During the retraction/withdraw phase the piezo is retracted

(D) until the tip gets out of contact (E).

@ Approach
— Retract

Maximum Force

b

—

Measured Force [nN]

Adhesion

Tip-Sample Distance [nm]

Figure 4. Indentation curve: force vs displacement. Approaching phase of the cantilever to the sample is
represented in blue, retracting phase is represented in red.

Nanomechanical analysis of soft biological samples (as cells, tissues or ECM) with AFM
requires special attention to the right experimental conditions, like stiffness of the cantilever, probe
shape (spherical, pyramidal) and size, right choice of contact mechanical model and data analysis.
Experimental details are provided in the Materials and Methods section 4.6.1. Ultimately, the
Young’s modulus (YM), which is the constant of proportionality between stress and strain and

indicator of the elasticity/stiffness of the measured material, is extracted from the force curves.
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Many diseases are accompanied by mechanical alteration of tissues and cells and thus,
mechanics of disease in several organs and pathologies has been assessed by AFM (Kiio & Park,
2020), the current gold standard in the field of mechanobiology. Breast cancer has been studied at
the cellular level but also using tissue sections and bulk tissue coming from biopsies (Wu et al,
2018; Plodinec et al, 2012; Ansardamavandi et al, 2016; Lekka et al, 2012). Nanomechanics of
cartilage has been evaluated (Han & Grodzinsky, 2011), as well as identification of stiffness of the
different dermal structures of skin (Kao et al, 2016), and scarring effect on the nanomechanics of
the upper dermis (Grant et al, 2012). Aging effect on stiffness has also been studied in skin (Grant
et al, 2012; Sherratt, 2009), cartilage (Han & Grodzinsky, 2011) and aorta (Akhtar et al, 2016).
Stiffening has also been reported as a hallmark of cardiovascular complications, including cardiac
hypertrophy (Shen et al, 2018), and also reported for cirrhotic liver disease (Tian et al, 2013).
Additional AFM studies investigated stiffness of retina (Franze et al, 2011), cornea (Last et al,
2009), osteoarthritis (Hsieh et al, 2008), type I diabetes (Nagy et al, 2018), asthma (Zemta et al,
2018) and brain (Li et al, 2018; Holtzmann et al, 2016; Christ et al, 2010), and response to nerve
injury (Wei et al, 2017; Martin et al, 2013). Typically, when studying stiffness of whole tissue
samples, it is been shown that cancer tissues are in general stiffer than the surrounding tissues due
to the increase of matrix deposition and crosslinking during cancer progression, and metastatic
likelihood increases with tissue stiffness (Boyd ef al, 2014; Acerbi et al, 2015). On the other hand,
single cell measurements in general reveal that invasive cancer cells are softer than the non-invasive
cell types and healthy cells (Swaminathan et al, 2011). AFM allows to resolve the mechanical
properties of local area in the tissue and distinguish the mechanical properties of the cells and ECM

in the same tissue.

The increased interest in AFM-based cell mechanics has paralleled increased efforts by
companies manufacturing AFM towards the development of specialized setups for biology research
(Gavara, 2016). I here also used the new type of indenters developed by Optics11 Life. The Chiaro
nanoindenter is, mechanically speaking, similar to an AFM, as it also relies on a cantilever with
known elastic constant to measure force and indentation during an experiment. The difference lies
in the probe manufacturing and sensing mechanism: whilst in AFM cantilever, laser and
photodetector are separate entities that need to be assembled and aligned for each experiment, the

fiber-based probes of the nanoindenter are essentially monolithic, with a cantilever glued on a glass
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ferrule that also houses the optical fiber that measure the deflection. The optical fiber is pointed at
the cantilever, approximately mid length. The sensing mechanism is based on a low-finesse Fabry-
Perot resonator, which is formed by shining an infrared laser through the single mode fiber, onto
the cantilever. The reflections that occur between the fiber end facet and the cantilever surface form
an optical cavity. Its variation is tracked by measuring the phase of the Fabry-Perot resonator. By
adding a high frequency wavelength modulation, and using a lock in detection tuned to the
modulation frequency, it is possible to linearize the photodetector signal over an arbitrary large
range of motion, which, practically, is limited by the numerical aperture of the fiber and amount of
cantilever deflection. As the reading of the displacement does not occur at the contact point with
the substrate, it is necessary to measure a geometrical correction factor for the deflection, akin to
what is done in AFM when measuring the inverted optical lever sensitivity. This is done by moving
the piezo a known amount whilst the cantilever is in contact with a surface that is approximately
rigid. The ratio between the piezo movement and the measured cantilever deflection gives the

geometrical correction factor.

The main difference with respect to classic AFM devices is that these indenters use an all-
optical fiber interferometric readout of cantilever deflection. In this setup, the probe is manufactured
by aligning and integrating together the cantilever and the optical fiber. Fabry-Perot interferometry
is used to monitor cantilever displacement when performing indentation experiments.
Implementation of optical interferometry results in several technical advantages with respect to

classic AFM instruments (Figure 5):

- The cantilever has a higher bending range (up to 30 um), which allows to test mechanically
heterogeneous samples with the same probe

- The piezo has a higher movement range (100 um), allowing to test very rough samples in
which different heights in different regions of the sample are present

- While AFM typically works with a fixed maximum applied force, which corresponds to a
fixed indentation only as long as the YM does not change, when using the nanoindenter the

indentation range is the fixed parameter for all measurements, adjusting the maximum force

if needed.
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Cantilever Detection by laser deflectionon a Interferometry based detection
deflection photodiode - limited cantilever - cantilever can be deflected more
detection deflection (up to 5 pm) (up to 20 uym)
Z piezo range Maximum vertical displacement Higher z piezo range (100 um) cantilever
(z piezo) limited (15 -20 um), deflections significantly larger than with AFM
typically 10 yum can be measured reliably (up to 20 pm)
Fixed parameter Fixed maximum load (0.3 — 1 UN) Fixed indentation range, closed loop control
during to achieve a certain indentation on indentation (up to 2.5 pm)
measurements range

Figure 5. Indentation instruments: AFM and Chiaro nanoindenter from Optics11 Life. The main
difference between both indentation instruments are the z piezo range, the detection of cantilever deflection
and the fixed parameter during measurements

The Chiaro nanoindenter uses this technology, and mechanical measurements are described

in more detail in the Materials and Methods section 4.6.2.
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1.3.3. Brillouin imaging to assess tissue mechanics

Brillouin light scattering microscopy is a type of elastography that optically assesses the
viscoelastic properties of a material. Brillouin microscopy is being increasingly used in
mechanobiology to assess the mechanical properties of cells and tissues (Prevedel ef al, 2019). It is
a non-destructive method which can probe label-free samples in a non-contact mode, contrary to

indentation-based techniques described in section 1.3.2.

Brillouin microscopy uses a laser as a probe to inquire the viscoelastic properties of a
specimen. This information can be obtained via Brillouin scattering, an inelastic process resulting
from the interaction of the incoming laser with the acoustic waves (also known as phonons) within
the material. Phonons are thermally generated acoustic waves that represent collective, periodic
excitations of the crystalline planes in any material at non-zero temperature. By detecting the
photons coming out from the interaction with the phonons within the material it is possible to
acquire a Brillouin spectrum, which provides a unique characterization of the material’s mechanical

properties.

Indeed, upon laser beam interaction with the sample, the following light-matter phenomena
arise:

- Most of the photons from the laser do not interact with the sample: in this case, no energy

exchange between light and matter happens and therefore the light is elastically scattered

from the sample, i.e. with the same frequency as the illumination, resulting in Rayleigh

scattering (Figure 6)

- A very small part of the photons from the laser interacts with phonons from the sample. This
interaction results in an energy exchange between photons and phonons that can be
quantified as a shift in frequency of the photons detected. This frequency shift is known as
Brillouin shift (vz) and quantified as the central position of the two Brillouin peaks (named

Stokes and anti-Stokes peaks, due to an energy increase or decrease in the detected photons).
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Figure 6. Brillouin Spectrum. Monochromatic laser light is inelastically scattered from phonons within the
material, resulting in Brillouin stokes and anti-stokes peaks. Light scattered elastically from the sample
results in the Rayleigh peak. vp is the Brillouin shift, vy is the frequency of incident radiation

The central position of the Brillouin peaks (i.e. vg) is directly related to the local stiffness
(Figure 6), while the full-width at half maximum (/3) of the peaks is directly dependent on the
viscosity. Phonons velocity and attenuation are governed by the viscoelastic properties of the
material, and the Brilloiun shift vz carries information on the real part of the longitudinal modulus
(M) as described in the formula:

2n M’
N Py
where Ay is the wavelength of the laser; » is the local refractive index, and p is the density. Since in
biological materials n/Ap = 1, the Brillouin shift can be in general interpreted as directly dependent

only from the local longitudinal modulus (M’).

Brillouin imaging information is in general reported in terms of Longitudinal Modulus M =
M' + iM", where M’ gives information about the elastic properties of a material (intrinsic properties
of individual components in the probed region in terms of length-scale, cross-linking level,
compressibility of the local microenvironment and solid-liquid volume fraction (Wu et al, 2019)
(given by the position of Brillouin peaks) and the imaginary part iM” which is determined by the
longitudinal viscosity of the medium (Ryu et al, 2021).
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A Brillouin microscope is composed by a confocal laser scanning microscope, which
performs a point-by-point raster scanning of the sample, coupled to a spectrometer that spatially
separates the frequencies of the Brillouin component and the Rayleigh one (Figure 7). A set of
collimators and filters are used to filter the Rayleigh signal (which is not informative about the
sample properties as the signal is not interacting with the sample) and reduce it to a minimum. The

signal is then redirected to a spectrometer to separate the Brillouin peaks.
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Figure 7. Brillouin microscope scheme.

Brillouin microscopy has been used to assess biomechanics of different tissues and
pathological conditions (Figure 8). For example, it has been used to study articular cartilage and its
response to proteoglycans depletion after enzymatic treatment in order to mimic osteoarthritis
disease (Wu et al, 2019). In a different study Brillouin was used to understand the mechanics of the
different stages of follicle development, by measuring ooplasm, follicles and connective tissues
within intact ovaries (Chan et a/, 2021). Rheological properties of the eye lens have been reported
by Brillouin (Reif3 et al, 2011). Detection of malignant melanoma tissues within a surrounding
healthy tissue has also been performed (Troyanova-Wood et al, 2019), highlighting the potential of

Brillouin imaging as a diagnostic tool.
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Figure 8. Range of Brillouin shift values for different tissues. Adapted from (Ryu et al, 2021).

Indentation-based instruments and Brillouin imaging differ in several technical aspects that
are summarized in

Figure 9. Although in the field the term stiffness is widely used to refer to the mechanical
properties measured by different techniques, it is important to highlight that the Longitudinal
Modulus (M) probed by Brillouin Microscopy is a different one from the YM probed by AFM.
Mechanical properties refer to the broad range of physical properties that a material can exhibit
upon the application of forces, including different properties as are elasticity, viscosity, tensile
strength, compressibility, etc. M probed by Brillouin microscopy is in fact a measure of
compressibility of the material, stressing it in a confined condition: for biological materials, mostly
composed by water, this modulus typically falls in GPa range. Instead, YM determined by AFM is
a measure of elasticity, where the material is allowed to expand sideways under stress, thus keeping
the volume constant: for biological systems, this modulus falls in Pa-kPa range (Prevedel et al,

2019). In principle, M might be related to YM in the following way:

1—v

M=YM O a =

, where v is Poisson’s ratio (Prevedel et al, 2019). However, this parameter bears a strong
frequency and material dependency. Therefore, a universal relationship between YM and M cannot

be formalized and, on the contrary, must be empirically proven for each specific tested sample. So
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far, correlations between YM and M in some cell types of cells have been experimentally outlined

(Scarcelli et al, 2015), but this information on tissues is still lacking.
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Figure 9. Comparison between microindentation-based techniques and spectroscopy-based Brillouin
microscopy. Microindentation-based scheme (left) adapted from (Schneider et al, 2007) under fair use
principle.

Experimental details, information on data collection and data analysis are provided in the

Materials and Methods section 4.7.
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2. Introduction — Bladder

2.1. Bladder anatomy
The urinary bladder is a hollow organ located in the human pelvis that stores urine. The
bladder wall can be divided into four different layers (Figure 10), here described from the

innermost:

- Urothelium: it is a transitional epithelium highly specialized that lines the lower urinary
tract. The urothelium has a variable number of cell layers (usually three cell layers in rodent
bladder and up to ten cell layers in human bladder (Cohen, 2013)), which varies according
to the degree of extension of the bladder. The urothelium consists of the basal cells, which
sit on a basement membrane (composed of collagen IV and laminin) that separates it from
the underlying lamina propria; the intermediate cells; and on top of the urothelium there are
the umbrella cells, the most specialized cells which by expressing uroplakin plaque at their
surface and establishing tight junctions between cells provide the impermeability of the

bladder (Morgante & Southgate, 2022).
- Lamina propria: loose connective tissue separated by the overlying urothelium by the
basement membrane, mainly formed by collagen I and III, elastic fibres, blood vessels,

unmyelinated nervous endings and some discontinous muscle bundles (Orabi ef a/, 2013).

- Muscularis propria: it consists of concentrical layers of thick bundles of smooth muscle.

Its contraction allows the expulsion of urine to the outside (Orabi et al, 2013).

- Adventitia or serosa: outermost layer composed of fibroadipose tissue/perivesical adipose

tissue.
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Figure 10. Bladder anatomy. a) Schematic of the anatomical regions of the bladder, reproduced from
Roccabianca S & Bush TR (2016) “Understanding the mechanics of the bladder through experiments and
theoretical models: Where we started and where we are heading”. Technology 04: 30—41; b) schematic
histology of the bladder wall (Orabi et al, 2013).
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2.2. Bladder pathologies: actinic cystitis and cancer

This thesis focuses on two pathological conditions of the bladder: actinic cystitis and bladder

cancer.

Actinic cystitis is the pathological condition caused as side effect of pelvic radiotherapy,

commonly used to treat prostate, colorectal, cervical and ovarian cancer (Mangano et al, 2018;
Zwaans et al, 2020). Actinic cystitis is caused by accumulation of ECM proteins due to chronic
inflammation, resulting in scarring and thickening of tissue and finally in organ failure, with an

important impact on the quality and amount of life of the patient (Martinez-Vidal et al, 2021).

Onset and development of actinic cystitis include first a short acute phase, in which X-ray
radiation causes cell membrane and DNA damage, as well as water radiolysis resulting in free
radical formation. As a consequence, the most superficial urothelial cell layer, which contains the
most specialized cells and thus, with lower turnover, is the most susceptible component to radiation.
Exposure of the damaged urothelium to urine further activates inflammation mechanisms, resulting
in a chronic inflammatory stage. Finally, and due to lack of oxygen supply after ischaemia of
microscopical blood vessels the tissue becomes atrophic, with increased deposition of collagen
(specially within the lamina propria and between muscle bundles (Fry et al, 2018)), increased
fibroblast and myofibroblast infiltration, decreased cellular muscle relaxation, development of
tissue edema and presence of massive fibrosis (Mangano et al, 2018). Clinical symptoms include
increased urination frequency, nocturia, urinary incontinence, haematuria, pain during urination and
chronic pelvic pain (Zwaans et al, 2022). To stop haematuria and chronic pelvic pain, patients may
require radical cystectomy (bladder removal) and urinary diversion to reroute urine flow from its
normal pathway (Tyson & Barocas, 2017). The main options for urinary tract reconstruction are
incontinent conduit diversions, continent cutaneous diversions, and orthotopic neobladders (Tyson
& Barocas, 2017), which in any case have an strong impact in the quality of life of the patients,

emotional wellbeing and sexual life.
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Bladder cancer is the ninth most common cancer worldwide (Ferlay et al, 2015) with

430.000 new patients per year (Antoni et al, 2017), and has the highest lifetime treatment costs per
patient of all cancers (Sylvester et al/, 2006). Disease incidence increases with age, and men are

more affected than women (Sanli et al, 2017).

Bladder cancer originates from the urothelium, and according to the invasion of the different
tissue layers the Tumor, Node, Metastasis (TNM) classification system (Sobin, 2009) divides the
different bladder lesions (Figure 11). Within Non Muscle Invasive Bladder Cancer (NMIBC)
several categories are distinguished. The most superficial lesions are non-invasive urothelial lesions,
1.e., not breaking the basement membrane and therefore not reaching the lamina propria.
Carcinoma in situ (CIS or Tis) is a very flat lesion of few um thickness that does not invade the
lamina propria, composed by poorly differentiated high cytologic grade tumor cells, and confers
bad prognosis to the patient due to its propensity to progress to invasive stages. Due to its

macroscopically flat morphology, CIS is difficult to detect.

pTa or papillary urothelial carcinoma, as CIS, does not invade the underlying lamina
propria, with the difference that this tumor grows as a papilla towards the bladder lumen. Papillary
tumours that, on the contrary, have broken the basement membrane and invaded the lamina propria

are classified as pT1.

Muscle Invasive Bladder Cancer (MIBC) classifies as follows: pT2 tumors have invaded
the muscle layer, either superficially (pT2a) or deeply (pT2b; pT3 tumors have invaded beyond the
muscle tissue into the perivesical fat, from which it can further migrate invading the adjacent organs
(stage pT4) as the lymph nodes, prostate, uterus, vagina, or even pelvic or abdominal walls (Sanli

et al, 2017; Knowles & Hurst, 2015).

The most common and often the first detected symptom of bladder cancer is the presence of
blood in the urine (haematuria) (Sanli et al, 2017), which is nevertheless associated with an
advanced stage of the disease. Furthermore, as there is no active screening for bladder cancer,
patients are very often diagnosed at late and advanced stages of the disease. This fact points out the

need to develop methods that allow for early diagnosis of the disease. Diagnosis in patients
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suspected to have bladder cancer is performed via cystoscopy (endoscopic procedure performed
with a flexible scope and local anesthesia (Aaronson et al, 2009)). The first step in newly diagnosed
bladder tumors require endoscopic resection of the tumor (transurethral resection of bladder tumor,
TURBT) followed by histological analysis of the biopsy. Up to 70 % of patients at the first diagnosis
are suffering from NMIBC. Most of patients with NMIBC experience relapse of the tumor because
limitations in detecting small lesions and limited efficacy of intravesical adjuvant therapies, and
therefore undergo multiple cycles of intervention represented by TURBT and adjuvant intravesical
therapy (instillation of Mitomycin C or Bacillus Calmette—Guérin (BCG) (Sylvester et al, 2010).
Eventually, the tumor might progress to a more aggressive state, invading also the muscle layer. In
the case of MIBCs patients have to undergo radical cystectomy with or without chemotherapy (Sanli
et al, 2017). For some specific cases, also pT1 NMIBC (tumor invading lamina propria) patients

undergo radical cystectomy (Sobin, 2009).

Clinical imaging techniques can detect established fibrosis and initial tumor stages, but there
is the unmet clinical need to identify even earlier disease stages and to develop a more tailored
follow up of the disease, in order to identify very initial signs of any disease relapse. Understanding
the link between micromechanical features and clinical phenotypes in bladder malignancies may
contribute to improve prognostic classification. Moreover, this knowledge can contribute to the
development of novel therapies based on the modification of the micromechanical drivers of

carcinogenesis (Hajjarian et al, 2021).
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Figure 11. Types and stages of bladder cancer. Adapted from (Sanli et al, 2017).
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2.3. Bladder — why its biomechanics?

The mechanical moduli of different human urological organs, i.e., kidney, prostate, testis
and bladder have been investigated, mostly by elastography-based macroscale techniques. Table 2
summarizes the mechanical moduli for these different urological tissues in different pathological

conditions.

Regarding kidney mechanics, it has been established that a value of tissue stiffness higher
than 4.31 kPa corresponds to a diseased kidney (Table 2), an information that can be used to develop
early non-invasive diagnostic tools. Of interest is also the fact that a correlation has been reported
between renal stiffness and degree of renal fibrosis (Cui et al, 2013; Nakao et al, 2015), with patients
suffering from chronic kidney disease exhibiting a stiffer renal parenchymal than non-chronic
kidney disease patients (Goya et al, 2015). Renal elasticity is therefore a potential predictor of
chronic kidney disease (Lin et a/, 2017). In fact, patients with later stages of chronic kidney disease

had stiffer renal cortex, with stiffness increasing progressively from stage 3 to 5 of the disease.

Prostate cancer (PCa) has a higher cell and vessel density, which is discernibly stiffer than
both benign and normal tissues (Fu et al, 2020). Given the non-invasive and cost-effective imaging
technology of SWE, several studies have been published aiming to evaluate differences in stiffness
between PCa and benign tissue based on YM (Yang et al, 2019) (Table 2). For all studies discussed
here, it was reported that the SWE-obtained YM of prostate cancer was significantly higher than for
benign prostate tissue. The stiffness of PCa in the peripheral area, where most PCa starts, gradually
increases with the Gleason Score, which is the grade of the tumor: the higher the Gleason score, the
stiffer the tissue is (Yang et al, 2019; Woo et al, 2014). The stiffness values corresponding to each
Gleason score differ when reported by different studies. For example, the YM value to use as a
threshold to discriminate benign from malignant prostate tissue has been reported to be 42 kPa
(Rouviere et al, 2017), 35 kPa (Ma et al, 2012) or 31 kPa (Fu et al, 2020); and a value of 144 kPa
has been proposed as a predictor of biochemical recurrence following radical prostatectomy (Wei

et al, 2019).
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Modulation of the tissue stiffness has also been reported in several pathologies of the testis.
The stiffness of testicular cancer can be more than double the stiffness of normal testis, suggesting
that increased stiffness could be used as a testicular malignancy marker, and detectable by
ultrasound elastography (Pedersen et al, 2019, 2017). In testicular microlithiasis, a modest increase
of tissue stiffness compared to normal testicles was measured by SWE (Pedersen et al, 2017), but
no malignant characteristics are measured by SWE or MRI diffusion in this condition (stiffness
values reported in Table 2) (Pedersen et al, 2019). Thus, benign testicular lesions can be
differentiated from malignant ones both by MRI diffusion and elastography. Testis stiffness has
also been investigated in the varicocele, where collagen deposition and interstitial testicular edema

have been described (Abdelwahab et al, 2017).
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Table 2. Mechanical moduli of human urological tissues

Tissue Technique Modulus Modulus value (condition) Ref
KIDNEY
SWE YM 4.31 kPa (healthy) (Leong et al,
2018)
RTE 75.1 £ 37.8 (non-CKD) (Lin et al, 2017)
72.9+ 37.6 (CKD stage 3a)
59.3 +£40.3 (CKD stage 3b)
48.3 £33.8 (CKD stage 4)
36.6 + 33.0 (CKD stage 5)
MRE YM 4.35 kPa (normal functioning kidneys) (Han et al,
4.86 kPa (cut-off value) 2020)
5.10 kPa (CKD patients)
MRE YM -Cortico- = 3.24 kPa (functional allografts) (Kennedy et al,
medullary 3.73 kPa (chronic dysfunction allografts)  2020)
3.29 kPa (no progressive decline)
4.82 kPa (graft loss/relist)
YM -Cortical = 2.43 kPa (functional allografts)
2.84 kPa (chronic dysfunction allografts)
2.48 kPa (no progressive decline)
3.67 kPa (graft loss/relist)
MRE SWS 1.86 m/s (IgA neprophaty) (Lang et al,
2.05 m/s (cut-off value) 2019)
2.34 m/s (healthy)
PROSTATE
SWE YM 42 kPa (cut-off value healthy) (Fu et al, 2020;
Rouviére et al,
2017)
SWE YM 144 .85 kPa (cut-off value for recurrence (Wei et al,
after radical prostatectomy) 2019)
SWE YM 31.79 = 16.17 kPa (benign) (Fu et al, 2020)
114.96 + 85.25 kPa (malignant)
SWE YM 95 + 28.5 kPa (Gleason score 6) (Ahmad et al,
163 = 63 kPa (Gleason score 7) 2013)
SWE YM 91.6 kPa (Gleason score 6) (Wei et al,
102.3 kPa (Gleason score 7) 2018)
131.8 kPa (Gleason score 8)
SWE Y™M 32.7+ 19.4 kPa (Gleason score 6) (Woo et al,
55.4 + 48.5 kPa (Gleason score 7) 2014)
57.3 £ 39.4 kPa (Gleason score 8)
88.2 + 64.2 kPa (Gleason score 9)
MRI with SWS 2.8 + 0.4 m/s (peripheral zone) (Asbach et al,
tomoelastograhy 2.8 £ 0.3 m/s (transition zone) 2020)

3.1 +0.6 m/s (PCa)
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BLADDER
Rheology

TESTIS
SWE

SWE

MRI

SWE

SWVV

SWE

Storage
modulus

Loss modulus

Velocity
stiffness

Velocity
stiffness

Diffusion
values

YM

YM

0.052-0.085 MPa (healthy)

0.019-0.043 MPa (healthy)

0.76 m/s (normal)
0.79 m/s (testicular microlithiasis)
1.92 m/s (testicular cancer)

0.77 m/s (normal)
0.78 m/s (testicular microlithiasis)
1.95 m/s (testicular cancer)

0.929 x 10 mm? s (normal)

0.978 x 10~ mm? s™! (testicular
microlithiasis)

0.743 x 10 mm? s”! (testicular cancer)

4.5 kPa (cut-off value for semen
parameters improvement after surgery)

1.465 m/s (cut-off
normal/oligozoospermia)
1.328 m/s (cut-off normal/azoospermia)

2.50 + 0.49 kPa (Varicocele grade I)
2.59 + 0.81 kPa (Varicocele grade II)
2.80 + 0.72 kPa (Varicocele grade III)

(Barnes et al,
2016)

(Pedersen et al,
2017)

(Pedersen et al,
2019)

(Abdelwahab et
al, 2017)

(Yavuz et al,
2018)

(Jedrzejewski et
al, 2019)

CKD: chronic kidney disease, RTE: real-time elastography (uses arbitrary units), YM: Young’s modulus, SWS:
shear-wave speed, SWVV: shear wave velocity values, MRI: magnetic resonance imaging diffusion values.

Surprisingly enough bladder mechanics still remain partially unveiled, even though this

hollow organ exerts its function by cycles of mechanical relaxation and contraction, as it has to

adapt and stretch to the urine it collects and voids. Bladder cancer cells with different metastatic

potential have been mechanically characterized (Liu et al, 2014), showing that bladder cancer cell

lines with higher aggressiveness have a lower YM than lower grade cancer cells. These observations

have been reported by several studies (Ramos et al, 2014; Canetta et al, 2014; Lekka et al, 1999,

2012; Lin et al, 2015), showing that cancer cells are more elastic than their benign counterparts.

This increase in elasticity (indicated by a decrease in the cell’s YM) means higher deformability of

cancer cells, which could have implications facilitating intra and extravasation and thus, metastasis.

This tendency has been observed not only on bladder cancer cells, but also in tissues as prostate

(Khan et al, 2018) and breast (Lin et al, 2015; Lekka, 2016).

41



Although single cell mechanics are necessary to be measured, there is the need to understand
bladder mechanics at a tissue-scale. Already in 1994, bladder wall elasticity was classified as a
physiological biomechanical characteristic, susceptible to change with the development of different
pathologies (Landau et a/, 1994). In this study, the ratio of connective tissue to smooth muscle in
patients with dysfunctional bladder was compared to the ratio of normal bladders. It was found that
such ratios were increased compared to normal tissues, indicating that in the dysfunctional bladder
there is a higher proportion of connective tissue compared to smooth muscle tissue. Although no
mechanical tests were performed, they directly correlated these observations with a loss of elasticity
in the bladder wall. Interestingly, later on published studies have suggested to use the ratio of fibrous
connective tissue to smooth muscle tissue measured by SWE, as a parameter for the diagnosis of

early fibrotic changes (Volikova ef al, 2019).

Alteration of murine bladder mechanical properties after actinic cystitis development has
been previously described (Zwaans et al, 2022). In this study, by applying loading-unloading cycles
of stretching, they reported that irradiated bladder ECM were significantly less distensible than
healthy bladders at the macroscale. Such macroscopical mechanical test revealed that the changes

were apparent at 3 months post-irradiation and statistically significant at month 6.

Additional bladder disorders have been mechanically investigated. For example, aiming to
develop non-invasive diagnostic tests for lower urinary tract disorders (LUTS), this study (Nenadic
et al, 2016) compared three quantifiable ultrasound methods (high-frequency ultrasound, SWE and
duplex doppler) to measure the biomechanics of the bladder wall in healthy individuals, in order to
establish baselines and reference points for future research. Such quantitative non-invasive
diagnostic tool would allow to detect bladder wall changes and decreased wall function before
obvious fibrotic changes develop (Volikova et al, 2019). They observed that bladder wall pathology
affects its structure and thickness of the bladder wall layers; and the thickness of the bladder and
detrusor layer increased with age. The increase in thickness with age could be related to an increased

interstitial collagen deposition or to hypertrophy of the detrusor.
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About bladder cancer mechanics, the viscoelastic properties of human bladder at the
macroscale have been tested by different techniques, as is by uniaxial mechanical test (Martins et
al, 2011; Ahms et al, 1998), including the characterization of the different macroscopic areas of
porcine bladder from the trigone to the dome (Korossis et a/, 2009). In an additional study (Barnes
et al, 2016) ten bladder human tumors were analyzed by dynamic mechanical analysis. Samples
were collected from patients by transurethral resection procedures, and a load was applied to the
tumor with increasing frequencies, up to 30 Hz, calculating both the storage and loss modulus
(Table 2). These macroscopic measurements were previously established on porcine bladder by the
same group (Barnes et al, 2015). This analysis quantifies the frequency-dependent viscoelastic
properties on the macroscale which is rheometer, getting two different mechanical parameters for
each tumor: storage modulus, ranging between 0.052-0.085 MPa; and loss modulus ranging
between 0.019-0.043 MPa.

Increased stiffness by SWE has been reported for malignant bladder disease, which was associated
with high content of collagen fibers (Huang et al, 2020). In addition, bladder tissues from patients

with relapsing tumor are stiffer than those of newly diagnosed patients (Ghasemi et al, 2020).

Bladder wall alterations associated with a loss of bladder elasticity and dysfunction could
be a consequence of inflammation, loss of urothelium and obstructive or neurogenic etiologies.
These processes would lead to hypertrophy of smooth muscle cells, hyperplasia of fibroblasts and
the deposition of collagen fibers between muscle bundles of detrusor (Zhu et al, 2019), bladder wall
thickening, and consequently result in fibrosis, scarring and stiffening of the bladder, together with

a progressive reduction in bladder capacity (Volikova et al, 2019; Uvelius et al, 1984).

Alteration of the mechanical properties of the bladder are associated with different diseases
(Fry et al, 2018), as are actinic cystitis and cancer. However, what are the implications of altered
tissue elasticity? In the case of the bladder, mechanics alteration first result in a dysfunction of its
physiological role, dramatically affecting quality of life of patients (Martinez-Vidal et al, 2021,
Tyson & Barocas, 2017). Second, studying bladder mechanics has a diagnostic value: by deeply
characterizing mechanical fingerprints and associating them to different pathological stages,
eventual novel mechanical biomarkers could be described for specific diseases. For example, in the

oncological field there is an important risk of downstaging bladder cancer patients with pT1 disease
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instead of pT2 when performing histopathologic analysis on tissue biopsies (Sanli et al, 2017).
Therefore, it is of critical relevance to develop methods that can support assigning the correct
disease subtype and staging tools using routine clinical samples. Due to its biological relevance
tissue elasticity could potentially help and/or be used in combination with routine analysis in order
to improve accuracy of diagnosis and bladder cancer staging. In addition, there are additional factors
that highlight the relevance of studying bladder mechanics: stiff tissue might increase interstitial
pressure in the tumor, which contributes to tumor progression, activates durotaxis sensing pathways
which guide cell migration following stiffness gradients, impedes drug delivery and blood vessels
function. Altered blood vessels compliance, as well as impaired vessels function due to increase
solid stress that can compress blood and lymphatic vessels (Nia et a/, 2020), result in blood flow

impairment, and consequently altered oxygen delivery, immune cells and drug delivery.

The biological consequences of altered tissue mechanics has a vast effect on organ
homeostasis and function. I here have reviewed different studies that investigate bladder mechanics
in different pathological conditions using different techniques and mechanical tests. While these
studies on clinical specimens are very informative, they show macroscale measurements.
Nevertheless, the bladder is a multilayer organ, in which each different layer structure performs
different functions within the organ, and it is therefore crucial to understand the contribution to the
different anatomical components to mechanical alteration in disease. This means, it is needed to
understand tissue mechanics at the microscale, spatially resolving the different bladder components
(cells, ECM, muscle bundles...) and their contribution to altered tissue mechanics. On the other
hand, the discussed studies here represent mostly a snapshot of the clinical situation, which although
being very informative, does not fully describe the evolution of the mechanical properties with
onset, establishment and progression of the disease. Understanding the progression of such
mechanical alteration is crucial, as well to understand whether elasticity alteration could be used as
a prognostic marker or indicator of tissue priming for disease development, eventually setting the
path for early diagnostic/prognostic tools. Furthermore, there is the need to develop artificial
bladders for bladder transplantation for patients that underwent radical cystectomy due to actinic
cystitis or bladder tumor. To do so, it is required a deep understanding of the mechanical properties
of the physiological bladder, in order to mimic them closely and produce functional artificial

bladders that will notably improve quality of life of patients.
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3. Aim of the research project

The bladder is a multilayer organ which strongly relies on its mechanical properties to
perform its physiological function. My PhD project aims to mechanically characterize the healthy
bladder spatially resolving its different tissue layers at the microscale, as well as in the pathological
conditions of bladder cancer and actinic cystitis. For this purpose, I here aimed to first establish a
sample preparation protocol that allows for a standardized network-wide measurements of tissue
mechanics, both by microindentation-based instruments and spectroscopy based imaging. Such
sample preparation protocol allows also for correlation of tissue mechanics with the gold standard
diagnosis by pathologist assessment. This thesis can be then divided into two main chapters. The
first chapter is dedicated to the characterization of bladder tissues by two microindenter instruments.
This includes characterization of the micromechanics of the bladder wall, considering its different
anatomical tissue layers and the evolution of tissue mechanics with aging of the animal among its
adult life. In order to model the pathological condition of actinic cystitis, I here characterized
bladder elasticity of X-ray irradiated animals and followed the kinetics of the fibrotic process on
the stiffness of the tissue. This thesis also investigated a second pathological condition, bladder
cancer in an orthotopic murine model, to understand the onset and evolution of the disease. Last,
and as a proof of concept, I here characterized the tissue mechanics of clinical specimens from a

bladder cancer patient that underwent radical cystectomy.

Aiming to bring the study of tissue mechanics closer to a more clinical setup and increase
the translation potential of these experiments, the second chapter of this thesis exploited the non-
contact mode technique Brillouin imaging to characterize bladder tissues. In this chapter I studied
murine bladder tissues in health and in the pathological condition of actinic cystitis by Brillouin
imaging, a spectroscopy based technique. I here provided a comparison of the gold standard
technique on biomechanics, AFM, and emerging techniques that might have the potential to be used

in the clinics, as Brillouin imaging.

I established mechanical fingerprints of bladder in health and disease and evaluated potential
associations between the mechanical properties of tissues, the stage of the tumor and remodeling of

extracellular matrix and compared to the gold standard diagnosis by pathologist evaluation.
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4. Materials and Methods

4.1. Ultrasound image analysis

Fischer female rats were handled according to the ethical protocol #1114. In order to induce
a physiological stretching stress of the bladder, ultrasound (US) imaging was performed prior
sacrificing the animals in order to infer the instillation volume that corresponds to a physiologically
stretched bladder (Figure 12). US imaging was performed on a Vevo3100 LAZR-X Imaging
Station equipped with a MX250D transducer (FUJIFILM VisualSonics, Amsterdam, the
Netherlands). US signal was collected acquiring axial sections of the rat bladder using the following
settings: frequency: 21 MHz; gain: 15dB; step size: 200um. B-mode 3D ultrasound images of the
rat bladder were acquired and analysed with VevoLab 3.2.5 software.

A) Filled bladder Cryosections
Partially
instilled =
Fully instilled
-

B) USimaging of rat bladder instilled with physiological solution:
400 pl 200 pl

Figure 12. Ultrasound imaging (US) for physiological volume determination. a) Scheme of partially and
fully instilled bladders (left), image of hematoxylin-eosin stained cryosections (right). b) US imaging of rat
bladders instilled with different PBS volumes
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4.2. Rat model of actinic cystitis

Two months old, 150-175 grams female Fisher rats (Charles River, Germany) were housed
in the animal facility at IRCCS San Raffaele Hospital under standard conditions (temperature: 22°C
+ 2; humidity: 50 + 10%; light/dark cycle: 12-h light and 12-h dark). After a 1-week period of
acclimatization, the rats were x-ray irradiated. Animals were anesthetized with isofluorane 2-4%
0.3-0.8 L, and the bladder filled with 450 pl of sterile saline solution through PE50 catheter (Brown
& Avian, 2011). The bladder was irradiated with a single show of 20 Gy. The radiation dose was
delivered using a dedicated small animal micro-irradiator (X-RAD225Cx SmART, PXI North
Branford, CT, USA) with micro-cone beam computed tomography (CBCT) guidance (Spinelli et
al, 2020). The anesthetized rats were positioned prone on the animal stage and CBCT images were
acquired using the following settings: tube voltage =40 kVp, current = 5 mA, voxel size = 0.2 mm?.
The bladder was contoured on the CT scan and three equal-sized dose beams were set at 130°, 180°
and 230° angles respectively, using a collimator of 10 x 10 mm?. Dose distribution was calculated
by means of a Monte Carlo algorithm (Hoof et al, 2013) and the mean dose to the bladder was
adjusted to the prescribed dose of 20 Gy. Irradiation settings were: tube voltage =225 kVp,
current =13 mA. Delivery time ranged approximately between 2 and 5 min/field and the entire
procedure (CT imaging and radiotherapy) was performed within 20-25 min/animal. Rats were then
sacrificed 2, 4 and 6 months after radiotherapy, (3 rats per condition) and bladders were prepared

for histology and mechanical testing.

4.3. Rat model of bladder carcinogenesis (BBN model)

Two months old female Fisher rats (Charles River, Germany) were housed in the animal
facility at IRCCS San Raffaele Hospital under standard conditions (temperature: 22°C £ 2;
humidity: 50 + 10%; light/dark cycle: 12-h light and 12-h dark). After a 1-week period of
acclimatization, the rats were evenly divided in two groups: one group (tumor) that was watered
with 0.05% N-(4-hydroxybutyl)nitrosamine (BBN; Sigma Aldrich) and the second group (control)
watered with normal water. Rats were then sacrificed 2, 4 and 6 months after treatment initiation,

(3 rats per condition) and bladders were prepared for histology and mechanical testing.
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All procedures and studies involving animals were performed under protocols approved by
the IRCCS Ospedale San Raffaele Animal Care and Use Committee, and in accordance with

national and international standard guidelines.

4.4. Human specimens

Paired specimens of non-neoplastic tissue and urothelial carcinoma of the bladder were
obtained from one patient (male, 62 years, with MIBC-pT2 G3) through the Unit of Pathology at
the IRCCS Ospedale San Raffaele (Milan, Italy). A formal written consent was obtained by the
local Institutional Review Board (Ethic Committee IRCCS Ospedale San Raffaele; amended
version of URBBAN protocol approved on November 2020). Data collection and all experimental
protocols were approved by the Ethic Committee IRCCS Ospedale San Raffaele, in accordance
with the relevant guidelines and regulations outlined in the Declaration of Helsinki. All methods
were carried out in accordance with the approved guidelines. All patients signed written informed

consent agreeing to supply their own anonymous information for this and future studies.

4.5. Sample preparation for mechanical analysis

For the rat specimens, bladder ultrasound imaging was performed in order to characterize
the instillation volume that causes a physiological stretching of the bladder. Animals were then
euthanized by CO2 and through bladder catheterization (22 G cannula, BD, Italy) the cryoprotectant
OCT (Bio-Optica, IT) was instilled into the bladder (volume previously defined by US imaging,
ranging from 200-400 pl depending on size and stretch ability to each bladder) (Figure 13). The
urethra was closed and the bladder was explanted. In order to preserve specimen integrity, bladders
were snap frozen in tissue embedding medium (OCT Compound for Cryostat Sectioning) at -80 °C

(isopentane and dry ice) (Tuttle et a/, 2022). Human specimens were frozen in the same way.

For the mechanical analysis 50 pm thick tissue sections were prepared using a microtome
cryostat, and the fresh-frozen sections were thawed at room temperature on polarized superfrost
glass slides in order to immobilize them for mechanical measurements. OCT was removed with

phosphate buffer solution (PBS) wash prior mechanical testing. Paired 10 um thick frozen sections
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were thawed, formalin fixed and hematoxylin-eosin stained for comprehensive histological

analyses.
US imagin OCT instillation Bladder freezing Microindentation Histology
eing Bladder explantation Cryosectioning experiments correlation

- &

Figure 13. Methodological approach for bladder stiffness characterization. Sample preparation protocol
and pipeline of experiments. First, ultrasound (US) imaging is performed in order to determine the
physiological OCT cryoprotectant bladder instillation volume. Animals are then sacrificed, the
cryoprotectant is instilled into the bladder through a catheter and the bladder is then explanted and frozen.
Cryosections are prepared and microindentation experiments are performed on the tissue slides both by AFM

and nanoindenter. Afterwards, histology analysis was performed to confirm the location of the bladder
anatomical layers.

4.6. Indentation techniques

The YM of bladder tissue specimens was characterized using the Chiaro nano-indenter

(Optics11), and the Bioscope Catalyst AFM (Bruker).

4.6.1. AFM-based indentation measurements

YM values of the different layers of the bladder tissue were determined by fitting the Hertz
model (Kontomaris, 2018; Hertz, 1881) to sets of force versus indentation curves (simply force
curves, FCs) acquired by AFM on 50 um thick tissue sections, as described elsewhere (Schillers et

al, 2017; Nebuloni et al, 2016; Cappella & Kappl, 2005):
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, which is accurate as long as the indentation o is small compared to the radius R. In Eq. (1), v is the

Poisson’s coefficient, which is typically assumed to be equal to 0.5 for incompressible materials,

and E is the Young’s modulus.
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Custom monolithic borosilicate glass probes consisting of spherical glass beads (SPI
Supplies), with radii R in the range of 5-10 um, were attached to tipless cantilevers (Nanosensor,
TL-FM) with nominal spring constant k = 3-5 N/m (Varinelli et al/, 2022). Probes were fabricated
and calibrated, in terms of tip radius, according to an established custom protocol (Indrieri et al,
2011). Variations in the contact radius were due to the technical availability of the single probes
during the measurements and to internal variations of the glass beads (within the same batch) used
for fabrication of the colloidal probes. The spring constant of the cantilever was measured using the
thermal noise calibration method (Hutter & Bechhoefer, 1993; Jaschke, 1995) and corrected for the
contribution of the added mass of the sphere (Laurent et al, 2013; Chighizola et al, 2021). The
deflection sensitivity was calibrated in situ and non-invasively before every experiment by using
the previously characterized spring constant as a reference, according to the SNAP procedure

(Schillers et al, 2017).

All mechanical measurements have been performed with tissue samples immersed in PBS
solution. Sets of FCs (force volumes, or FVs) were collected in selected regions of interest identified
exploiting the accurate alignment of optical and AFM images obtained using the Miro software
module integrated in the AFM software. The optical access and the design of the tissue slices
allowed to move the probe directly over the different layers of the bladder (urothelium, lamina
propria, muscle layer) and to localize the regions of interest to be analyzed for local mechanical

properties.

Each FV typically consisted of an array of 144-225 FCs, spatially separated by 5-10 um,
each FC containing 8192 points, with ramp length L = 6-10 pm, maximum load Fmax = 200-1500
nN, and ramp frequency f = 1 Hz. The maximum load was adjusted in order to achieve a typical
maximum indentation in the range was around 2-5 um. Typical approaching speed of the probe

during indentation was 12-20 um/s.

Each tissue layer was characterized by collecting at least 15 independent FVs in different
macroscopically separated regions of interest on three different tissue slices for each rat (i.e. for
each different bladder organ). Tissue slides from the middle region of the bladder were selected in

order to normalize for the bladder wall thickness (bladder cross section closer to the ends of the
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bladder have thicker muscle layer). Furthermore, in order to avoid bias due to sampling a particular
area of the bladder, we randomly chose at least four locations within each investigated tissue section
to sample the three tissue layers, taking as reference the four cardinal points of the tissue section. In
total, each layer has been characterized by more than 2000 FCs per single organ. Data analysis was

performed as described before elsewhere (Puricelli et al, 2015b).

After the mechanical test, tissue sections were fixed on 4 % paraformaldehyde (PFA) and
hematoxylin-eosin staining was performed on the same slice in order to provide a retrospective
confirmation of the anatomical location of each single region of interest measured during the

nanoindentation experiment (Figure 13).

4.6.2. Nanoindenter measurements

Mechanical maps on murine bladders were collected using a Chiaro nanoindenter (Optics11
B.V.) in at least three well separated areas in each collected slice. Dimensions wise, a pixel size of
10 um was chosen with an overall map dimension of 100 um in the tangential direction (through
the different layers), and whatever length was necessary to cover the whole thickness of the bladder

wall, from urothelium to muscle (typically a few 100s of um).

Mechanical characterization of human bladder specimens was performed with the same
Chiaro nanoindenter. Maps of up to I mm by Imm (pixel size of 10 pm) were collected in the three
different tissue layers from two different tissue pieces per bladder. Three to five tissue slides per

tissue piece were measured. The Hertz model (Eq. 1) was fit to the force curves.

The tissues were probed using cantilevers with ~0.5 N/m spring constant and ~9 um radius.
All measurements were performed in Indentation control mode (that is, in a closed loop so the
indentation rate is constant throughout the loading phase), with 5 um/s indentation rate and a target
indentation of 5 um; as for the case of AFM, this choice was also done to comply both with the
parabolic indenter approximation of Hertzian theory and to avoid bottom effect given by the finite

thickness of the sample (Dimitriadis et a/, 2002; Garcia & Garcia, 2018).
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To establish the optimum indentation depth, YM’s obtained at different indentation ranges
were compared, and the surface roughness was analyzed by means of optical profilometry (Veeco
WYKO NT9100 and OCT, (Figure 14). The latter techniques showed a scale-dependent roughness,
with arithmetic roughness values of around 2-300 nm when areas of ~10 pm radii were analyzed
(that is, the scale of the contact of the indenter sphere). To ensure conformal tissue/indenter contact,
we performed Hertzian fit after excluding the first portion of contact. We considered a fit to be valid

when R"2 was >=0.90.

-40

-60

. NaN

Figure 14. Surface roughness image of bladder tissue cryosections. In order to ensure conformal contact
between probe and sample, it is important to assess the surface roughness of the tissue under study. To
quantify this, we characterized the topography of both rat (top) and human (bottom) samples using a non-
contact approach. The images represent 620x480 um scans of the surface of frozen tissue samples. These
were obtained with an optical scanning profiler, using white light illumination (Veeco Wyko NT9100). In
the rat image, it is possible to see the arched bladder wall (brighter area highlighted by white dashed line)
surrounded by the OCT. Heatmap represents elevation, in nm. In both cases, we found that the surface
roughness was in the order of hundreds of nm (Ra ~200-400 nm) when analyzing small areas, approximately
equal to the contact area during indentation, and in the order of microns in regions separated by hundreds of
pum.
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I also compared the fitting results for different indentation depth ranges (1-3 pm, 3-5 um):
I observed that at different indentation depth the YM remained mostly the same, with a slight
increase in the number of rejected fits with increasing depth of indentation (Figure 15), hinting at
a mild non-linear behavior at larger strains. I chose to limit the analysis to shallow indentations (0.2-
1.2 um) to maintain more consistent results and more easily compare the results to the AFM dataset;
this choice also assured that the maximum indentation was significantly larger than the typical

roughness value.

=] - N
o 4] - (9] N (5]
3
Shallow

)]

g | % —————— 1% B A

]
=7
& .
= Medium g % % ----- 4{% HEE 4+
D 5
=
()
=
a
D)
©
-
= g % —————— W +H o+ + -

Deep ©

Figure 15. YM’s at different indentation depths obtained using the nanoindenter. YM’s was analyzed
at shallow (1.5 pm), medium (2.5 um) and deep (5 pm) indentation depths. With increasing indentation
depth, the number of non-valid pixels (blue) increased due to bottom effect, while YM values remain

equivalent.
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4.7. Brillouin microscopy

The Longitudinal Modulus of intact cells and tissues can be quantified by obtaining the
point-by-point spectrum of the light inelastically scattered by longitudinal phonons, i.e. the Brillouin
spectrum: here, it is possible to measure the Brillouin frequency shift with respect to the incoming
radiation, directly related to the Longitudinal Modulus, and the Full Width at Half Maximum
(FWHM), directly related to sample’s viscosity. The Brillouin shift vz measured by Brillouin
microscopy is directly dependent on the longitudinal modulus M; the extrapolation of M, however,
is not so straightforward since we should know samples’ index of refraction » and density p with
sub-micrometric precision, but these values cannot be easily accessed from literature in such
inhomogeneous samples with the adequate resolution. Therefore, in this study we chose not to

extrapolate M from v and just refer to vp values.

We here used a custom-built Confocal Brillouin Microscope which consisted of an inverted
microscope (Olympus IX-73) coupled to a single VIPA-based spectrometer through single-mode
optical fibers. The 3D mechanical properties of the sample are recovered in confocal laser scanning
mode thanks to a pair of galvanometric mirrors (THORLABS) and a piezo stage (MadCity Labs).
The laser source (a continuous-wave single mode laser at 532 nm wavelength, VERDI) passes
through a polarizing beam splitter, the galvo mirrors and then is focused on the sample plane via a
60x objective (Olympus, NA = 1.45) to have high resolution Brillouin maps of biological samples.
The retrieved Brillouin and Rayleigh signals, scattered from a specific point of the sample, are then
collimated on a single-mode fiber through a 20x objective: The core of the optical fiber (diameter
= 1.5 um) acts as a pinhole and allows for confocal sectioning of the sample: thus, the spatial
resolution of Brillouin maps is comparable to confocal ones (~ 400 nm on xy plane, ~ 800 nm on
z). To partially suppress the background signal, i.e. the Rayleigh component, a glass prism is used

as a filter (Lepert et al, 2016).

In this way, it is possible to correlate Brillouin maps with morphological ones by using on
the same microscope: i) a laser scanning system based on galvanometric mirrors, for point-by-point
Brillouin spectrum imaging; ii) a lamp and a camera for widefield transmission images in
Differential Interference Contrast (DIC) mode. The setup is controlled in MATLAB via a custom-
built GUI. During data acquisitions, the stage longitudinal step size on the sample was 800 nm, the

acquisition time 100/150 ms and the optical power delivered to the specimen was 25 mW.
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We acquired Stokes and Anti-Stokes Brillouin signals and fitted them with a sum of
Lorentzian functions after pixel-to-GHz conversion (obtained after distilled water calibration of the
microscope): the maps of Brillouin shifts reported in section 5.2 are the results of the fit. All data

analysis has been performed using custom-made programs in MATLAB.

For bladder tissues acquisitions, we unthawed the samples (treated as described in section
2.3) and removed OCT cryoprotectant with several washes in PBS; then we added some drops of
PBS to keep the tissues fresh and hydrated during the acquisition. The presence of buffer throughout
the acquisition was confirmed by its Brillouin spectrum, similar to water. We first choose the
bladder portion to investigate through the DIC imaging module via a large field of view (i.e., a 10x
objective), then we switched to a high magnification, small field of view (60x) objective, used also
for Brillouin acquisition.
We acquired at least 4 sections per slice, at least 2 slices per rat, and at least 2 rats per condition.

We then fitted the data and collected all the Brillouin shifts in histograms.

4.8. Histological analysis pairing

Histological analysis pairing. Bladder cryosections of 10 um thick were prepared, OCT was
washed away with PBS and tissues slides were fixed on 4 % PFA. Then Hematoxylin Eosin (HE)
staining was performed as follows; slides were washed twice on MilliQ water and cell nuclei were
stained with Hematoxylin for 50 seconds, next washed for 5 minutes in MilliQ water and incubated
on Eosin for 15 seconds. After washing, tissue slides were dehydrated on an increasing gradient of
ethanol and then incubated on xylene as a clearing agent. Samples were then mounted with Eukit.
A comprehensive histopathological analysis from HE slides was performed by our experienced uro-
pathologist (Dr Roberta Luciano) blindly with respect to the mechanical data. In addition, same
tissue slices previously used for mechanical measurements (50 pm thick) were fixed and HE stained

in order to confirm the tissue layers (20 seconds Hematoxylin and 15 seconds Eosin).
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4.9. Collagen quantification
Collagen quantification from HE stained tissues was performed by quantifying collagen
birefringence from images acquired with polarized light in dark field microscope (Zeiss Axiolmager
M2M). All images were captured using 10X objective (APOCHROMAT 10X - NA 0. 4 5) and
analyzed with ImageJ software. Images were first transformed into 8 bit images, threshold was
manually adjusted in order to remove background noise and collect all positive pixels from the

tissue. The percentage of area fraction above the established threshold was quantified.

4.10.Statistical methods

The median YM value per tissue layer and rat was calculated. Since both AFM and
nanoindenter instruments provide comparable YM values and the force curves are conceptually
measured in the same way, reported results here represent data in duplicate collected both by AFM

and nanoindenter, and pulled median values as obtained by both instruments per rat and tissue layer.

In order to analyze the effect of X-ray irradiation and BBN treatment in each tissue layer,
we calculated the median YM fold changes with respect to the healthy rats. To do so, we first
averaged each rat's AFM and nanoindenter median YM value for each tissue layer at a specific time
point. This gives 3 median values (one per rat), at each of the studied conditions. Since we were
interested in the (mechanical) changes as a consequence of a diseased condition, we paired
treated/control animals. As every rat measured was an end-point, we assumed that any diseased
condition could be originated from any of the healthy rats. This means, the possible fold-changes
per conditions are the combinations of 3 control and 3 treated rats per time point;

(C=control, T=treated) Rat1T/Rat1C, Rat2T/Rat1C, Rat3T/Rat1C,

Rat1T/Rat2C, Rat2T/Rat2C, Rat3T/Rat2C,

Rat1T/Rat3C, Rat3T/Rat3C, Rat3T/Rat3C.
This gives 9 number per treatment and time point. If we subtract 1 (no fold change from control
rats) from each, we can then test the resulting distribution with a 2-way t-test to verify the hypothesis

that it has a non-zero mean.
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To study kinetics of treatment 2-way Anova with Tukey’s multiple comparison test was
performed, by comparing the mean of the median YM values of each tissue layer of each single rat
at the different time points. I checked for normality of the YM distributions by performing quantile-
quantile (QQ) plots per rat and tissue layer for both instruments. For those YM distributions that

were not normally distributed, a non-parametric statistical test was performed (Mann Whitney test).

57



5. Results

5.1. Chapter 1. Micromechanical fingerprints of bladder in health and disease
investigated by microindentation techniques

5.1.1. Establishment of a standardized protocol for network-wide mechanical
characterization of tissues

Although several research papers show that AFM can be applied to investigate mechanics
of clinical samples for diagnostic purposes, this technique is still not widely used in clinical practice.
One of the obstacles to overcome is the relativeness of the mechanical measurements, as
different research groups report values of tissue elasticity that vary substantially (Wu et a/, 2018).
Such lack of reproducibility indicates that differences in data collection and analysis are not
consistent within groups. Therefore, protocols that allow for reliable evaluation of YM of biological
samples are required. Standardization of mechanical measurements of tissue samples is one of the
primary goals of the Phys2BioMed consortium, Marie Curie ITN network that studies biomechanics
in health and disease in order to develop advanced physical tools for innovative early diagnosis
(www.phys2biomed.eu). The aim is to determine how to investigate the mechanical properties of
tissue samples by AFM in a well-defined, consistent and standardized way, which allows to
characterize the mechanical properties of tissues in a reproducible way within and across labs. In
order to determine the mechanical properties of tissue samples in a reproducible and standardized
way, several steps are required: (1) tissue sample preparation, (2) experimental conditions for AFM
measurements definition, (3) AFM calibration, (4) mechanical measurements, and (5) data analysis,

including choice of suitable modelling of the indentation.

It has been previously established that the the main source of variability when comparing
YM by different AFMs and operators are uncertainties in the determination of the deflection
sensitivity and subsequently cantilever’s spring constant (Schillers ef al, 2017). Aiming to overcome
this difficulty, the SNAP procedure (Standardized Nanomechanical Atomic Force Microscopy) for
Measuring Soft Biological Samples emerged. Basically, SNAP relies on vibrometry in order to
characterize the spring constants and calculate the correct deflection sensitivity of the cantilevers,

highly improving the reproducibility of elasticity measurements.
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Therefore I here established the following sample preparation protocol to be used by
Phys2BioMed consortium in order to standardize AFM-based mechanical measurements of soft
biological samples. To do so, murine bladder tissues were chosen as biological material. The
decision to choose bladder as a reference material was based on the following facts: (1) the bladder
is a complex tissue, composed of different tissue layers and components, therefore it is a good
candidate to standardize mechanical measurements on complex biological samples; (2) the bladder
undergoes high mechanical stress, as in order to perform its physiological function it is exposed to
strecthing cycles, thus its mechanical properties are crucial for its function; (3) studying bladder
mechanics is clinically relevant, as tissue elasticity could eventually be used for diagnosis/prognosis
purposes for bladder pathologies as bladder cancer and actinic cystitis. In addition, there is the
unmet clinical need to reconstruct the bladder closely recapitulating its mechanical properties. There
are clinical cases in which the bladder is removed from the patients and they need to receive a
functional artificial bladder, i.e. able to store urine, and perform contraction and voiding of the urine

volume, purpose for which tissue mechanical properties are crucial.

The tissue sample preparation for AFM-mechanical investigation includes a procedure
performed at San Raffaele Hospital (Figure 16a), which includes animal sacrification, organ
extraction and cryosection preparation. A total of two rats were used. Five tissue sections from each
rat were distributed among the participating labs, frozen in 5 kg of dry ice, and received within 24-

48 hours.

Samples were stored frozen. Each participating lab has to perform a local sample pre-
handling, which includes thawing the tissue and washing away the cryoprotectant OCT (Figure
16b). Samples were distributed among the participating labs including a circle drawn with a
hydrophobic pen surrounding the tissue section that allows hydrating the tissue with a PBS drop,
gently added to the tissue in order to perform AFM in liquid and avoid dehydration of the sample.
Samples were checked regularly during measurements and when needed, additional PBS was added

in case of evaporation.
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Visualizing the tissue sections by phase contrast microscopy during nanoindentation allows
for positioning the AFM tip directly over the different layers of the bladder (urothelium, lamina
propria, muscle layer), i.e. the area to be analyzed for local mechanical properties. The central region
of the bladder tissue was chosen for mechanical testing (Figure 16¢), which roughly corresponds
to the lamina propria/muscle tissue layer of the bladder. Each region was characterized by 3 sets of

force volumes, which containted 12 by 12 force curves, separated by 10 um.

Centralized data analysis was done by University of Bremen.

The results of the succesful standardization will be reported elsewhere (ongoing work).
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a) Sample preparation pipeline at San Raffaele Hospital
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b) Sample handling prior to AFM experiments by participating labs
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Figure 16. Standardized AFM-based measurements of murine bladder tissues. a) Sample preparation
pipeline performed at San Raffaele Hospital. B) Sample handling of participating labs prior AFM
experiments. C) Data collection by AFM. Histology of a healthy rat bladder. Left: scheme of region to be
measured by AFM. 3 sets of force curves are taken on that middle zone.
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Once the standardized protocol was established, I here used an AFM and a nanoindenter to
investigate bladder tissues. Identification of mechanical markers for diseases must rely on simplified
protocols and instrumentation to be performed in the clinics, therefore my strategy was to start with
a widely used technique in mechanobiology, that is the AFM as reference, and then move towards
a more handy and potentially easily transferable to the clinics indentation device for soft matter that

is a nanoindenter.

I characterized the static elastic properties of the three tissue layers composing the healthy
bladder wall spatially resolved at the micro-scale level, to identify modifications associated with
the onset and progression of pathological conditions of actinic cystitis and bladder cancer and
compare such mechanical fingerprints to the gold standard of diagnosis, i.e., histological

examination by experienced pathologist.

5.1.2. The healthy bladder wall exhibits regional differences in tissue stiffness

Murine bladder elasticity was measured by two microindentation instruments: AFM and
nanoindenter. Bladder wall emerged to be mechanically inhomogeneous, with local YM covering
values ranging from few kPa to hundreds of kPa (Figure 17a, b). To identify the origin of this
mechanical inhomogeneity, we investigated the existence of an association between the YM
distribution and the different anatomical layers of the bladder wall. When performing AFM-based
indentation focalized on the single tissue layers (Figure 17a) it was observed that the urothelium
had a median YM value of 16 kPa, the lamina propria of 63 kPa and the muscle of 72 kPa (4.20,
4.80 and 4.86 respectively in Logio(YM/Pa)). In spatially resolved micromechanical maps acquired
using the nanoindenter, we observed that the healthy bladder wall is characterized by a tissue
stiffness gradient (Figure 17b): the urothelium exhibits the lowest YM (10 kPa), which gradually
increases when reaching the second bladder tissue layer, the lamina propria (100 kPa), and
transiently decreases when reaching the outer muscle tissue layer (70 kPa) (Figure 17b). Both AFM
and nanoindenter instruments provided comparable YM values for the different bladder tissue
layers, both in physiology and pathology (Figure 18). Therefore, the following results derive from

data collected in duplicate using both AFM and nanoindenter.
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Figure 17. Healthy bladder wall exhibits regional differences in tissue elasticity. a) YM by AFM
represented in logarithm in base 10 (logl0) in Pa for the different bladder tissue layers. b) YM values
obtained with the nanoindenter. Graph on the right represents the mean of each horizontal line of YM pixel
values from the map + standard deviation of the mean in gray shade. The mechanical heterogeneity of the
bladder correlates with its anatomical distribution: there is a gradient of YMs, being the urothelium the softest
layer, with increasing stiffness when reaching the lamina propria, and then decreasing over the muscle layers.
The association of stiffness gradients with the anatomical bladder tissue layers is shown by overlay of the
mechanical map with hematoxylin-eosin staining. Blue pixels indicate rejected measurements.
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Figure 18 . Representation of YM data extracted by the two instruments (AFM and nanoindenter) of
each single tissue layer, at month 2, extracted from healthy, X-ray irradiated and BBN rats, shown as: mean
of the median values, distribution of single YM values, and quantile-quantile (QQ) plots comparing the two
distribution.
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5.1.3. The healthy bladder exhibits temporal evolution in tissue elasticity (stiffening)
among aging of the adult animal

In order to provide an accurate comparison of the bladder mechanics during disease
progression in the rat model versus healthy animals, we here characterized the evolution of healthy
bladder YM throughout aging process of the animals during their adult life (i.e., from 4 months old,
which equals 2 months post treatment, to 8 months old, that corresponds to 6 months post treatment).
Aging of the animals among their adult life results in an overall stiffening of the bladder tissue
(Figure 19a). Of interest, focusing on each tissue layer such a tendency was confirmed. Indeed, the
urothelium exhibited a very wide distribution of values, which shifted towards higher values with
aging: at Month 2 we can appreciate that the urothelium exhibited a bimodal distribution, which
moved towards higher values at Month 6, and the stiffer population got enriched. It could be
observed that the highest peak of the urothelium distributions overlapped with the peak of the lamina
propria, indicating that the boundaries between the different tissue layers are divided by stiffness

transitions, rather than drastic and well separated tissue boundaries.

Similarly, the lamina propria followed the same tendency: at Month 2 the mean of the
median values is 4.72 = 0.2 Log10(YM/Pa), up to 5.18 = 0.25 Logl10(YM/Pa) at Month 6 (Figure
19b). Likewise, YM increased with aging also for the muscle tissue, and at Month 6 it exhibited a
bimodal distribution. Such increase of stiffness does not correlate with an increase of collagen

within the bladder tissue (Figure 19c¢).
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Figure 19. Micromechanical map of healthy bladder wall and aging effect on stiffness. a) Evolution of
the stiffness of the different bladder tissue layers (urothelium, lamina propria and muscle) with aging of the
adult animal (AFM and nanoindenter data pulled together). The distribution of YM values for the whole
tissue (i.e. all layers together) is also shown. N = 3 rats per time point, each tissue layer of each single rat is
characterized by over 3000 force curve measurements. Data shown are logarithm in base 10 of YM’s (in Pa).
b) Mean of the median values of each rat = SEM. Non parametric Mann Whitney test showed no statistical
significant differences when comparing the different tissue layers at the studied time points. ¢) Quantification
of the bladder area that expresses collagen from control rats at different time points; each symbol represents
the measurement in a tissue slice, with multiple slices measured for each bladder, in three animals.
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5.1.4. Microscale mechanics in the actinic cystitis model and during disease
progression

X-ray irradiated animals developing actinic cystitis were used as model to characterize the
mechanical fingerprints of fibrotic bladder tissue (Figure 20a). X-ray irradiation resulted in an
increase of frequency in micturition and a decrease of the urine volume per each micturition (Figure

20b,c,d,e).
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Figure 20. Murine model of actinic cystitis (X ray radiation). a) Schematic representation of the
experiment: X-ray radiotherapy is used to induce actinic cystitis on the bladder. Rats are sacrificed at
different time points ant tissue elasticity is assessed. b) Micturition in X-ray irradiated rats: Frequency and
urine volume were monitored for 24 hours using metabolic cages connected with AC/DC strain gage
amplifier (model CP122, GRASS Instrument Division, Astro-Med Inc., West Warwick US); one
representative animal each condition is shown. Frequency of urination (¢), urine volume (d) and percentage
of weight gain (e) are shown for 3 animals each condition.
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Such biological effect was accompanied by elasticity alterations: irradiation induced actinic
cystitis as a consequence of bladder fibrosis and a more dense ECM deposition, which on the one
hand resulted in an increase of bladder wall stiffness, but on the other the elasticity gradient within
the bladder wall was maintained (urothelium was characterized by lowest YM, which increased

over lamina propria and further decreased when reaching the outer muscle layer) (Figure 21).
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Figure 21. Representative bladder wall stiffness gradient collected with the nanoindenter at month 4.
Bottom micromechanical maps obtained with nanoindenter and overlap with HE staining. Graph on the top
represent the mean of each horizontal line of YM pixel values from the map =+ standard deviation of the mean
in gray shade. X-ray caused a stiffening of the whole bladder wall compared to non-treated healthy animals.
Mechanical spatial differences within the fibrotic bladder are maintained and associated to the different tissue
layers (U: urothelium, L: lamina propria, M: muscle).
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To characterize the kinetics of YM after irradiation, bladder elasticity of irradiated animals
at different time points after treatment was analyzed and compared to those of healthy animals of
the same age. Two months after treatment, the urothelium was the tissue component which mostly
responded to irradiation, as it is evidenced both when comparing the histogram distribution of the
data (Figure 22a), as well as the fold change of the mean respect to controls (Figure 22b). The
lamina propria showed a slightly narrower distribution as compared with controls of the same age
(Figure 22a), accompanied by increased collagen deposition respect to control animals (Figure

22d). The muscle does not show differences at this time point.

Four months after the irradiation treatment the urothelium exhibited a large spread of moduli
comparable to the control of the same age (Figure 22a). In contrast, both lamina propria and muscle
layers appeared to be particularly responsive to the fibrotic process: indeed, both appeared stiffer
and more narrowly distributed than their healthy counterparts (Figure 22a). Similarly, higher mean
values were observed compared to the previous time point (Figure 22¢). When comparing mean of
the median values of the distributions to healthy counterparts, the lamina propria and muscle were
stiffer (Figure 22b), stiffening that associates with an increased collagen deposition on the fibrotic

bladders (Figure 22d).

When comparing the YM profile from Month 4 to Month 6, the distributions did not shift
significantly towards higher YM values (Figure 22a), suggesting that the damage remains stable
over time and does not further cause stiffening at the later time point (Figure 22¢). Indeed, due to
the bladder physiological aging that results in stiffening, differences on irradiated and healthy
animals were less drastic in older animals, as the treatment effect was likely masked by the aging
of the animals and stiffening was only reported for the urothelium (Figure 22b). Collagen
quantification in the tissue from irradiated animals showed an increase in collagen deposition
compared to non-treated animals at Month 2 and Month 4, but not at Month 6 (Figure 22d).
Nevertheless, older treated animals exhibit a less broad distribution, suggesting that the decrease in
stiffness heterogeneity is caused by the replacement by collagen of tissue components due to a

fibrotic response.
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Figure 22. Micromechanics of murine bladder in a model of actinic cystitis (X ray radiation).
a) Kinetics of YM from X-ray radiated bladders at different time points (red) and comparison to healthy
animals of the same age (grey) measured both with nanoindenter and AFM. N = 3 rats per time point and
condition, each tissue layer of each single rat was characterized by over 3000 force curve measurements.
Data shown are logarithm in base 10 of YM’s (in Pa). b) Fold of change of mean of the median logl0 YM
values of tissue layers of treated rats respect to age-matched control rats. T-test showed statistically
significant stiffening with respect to the control animals (mean + standard deviation with propagated error
are shown. ns=not significant, *=p-value<0.05, **=p-value<0.005). ¢) Mean of the median logl0 YM values
of tissue layers of each rat + SEM. 2-way Anova showed no statistical significant differences in kinetics of
fibrosis development. d) Quantification of the bladder area that expressed collagen from control rats and X
ray-irradiated animals at different time points; each symbol represents the measurement in a tissue slice, with
multiple slices measured for each bladder, in three animals.
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Interestingly, I observed that the micromechanical profile of one of the irradiated animals
did not show any effect in terms of stiffening, and it was comparable to those of the control healthy
animals of same age (4 months after treatment) (Figure 23a). After following histological analysis
and fibrosis evaluation, we confirmed that this specific animal had not developed bladder fibrosis
(Figure 23b), therefore highlighting the potential of microindentation to detect fibrosis caused by
irradiation, and showing that stiffening is not detected by microindentation in the absence of

histological fibrotic ECM deposition.
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Figure 23. Animal not responding to X-ray treatment. a) The micromechanical profile (blue) was
comparable to those of control healthy tissues of the same age (4 months after irradiation) (grey). b) The
histological analysis showed denser deposition of ECM (*) in an X-ray responding animal (left) accompanied
by increasing of stiffness. Histology on the bladder with no stiffening (right) revealed absence of fibrotic
damage (4 months after irradiation).
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5.1.5. Bladder cancer tissue elasticity
5.1.5.1.  Lessons learned from the BBN murine model: microscale mechanics in
the orthotopic bladder cancer model and during disease progression
In order to study the effect of tumor development and progression on bladder mechanics,
the evolution of bladder elasticity was studied on an orthotopic rat model, in which rats were
watered with water containing the bladder specific carcinogen nitrosamine (BBN) (Figure 24a).
This model allows to monitor for all stages of bladder cancer establishment and progression,

mimicking the pathological processes that happen in humans.

After 2 months of BBN treatment, bladder tissues presented low grade dysplasia, which
means there are epithelial cells with abnormal organization (Figure 24b). The presence of abnormal
cells was limited to the urothelium, which increased its thickness and cellularity, without invading
the lamina propria below. Furthermore, the BBN activates inflammation pathways in the bladder.
At this stage, dysplastic bladder tissues were characterized by elasticity alteration of the urothelium
(Figure 25a), which correlated with broadening of the cell layer and presence of abnormal cells
(Figure 24b). The lamina propria and muscle layers exhibited YM profiles equivalent to those of
control animals of the same age, and the overall tissue did not differ significantly from healthy

bladder tissue.

After 4 months of BBN treatment, the bladder tissues exhibited non-invasive tumors
localized in the urothelium (pTa), and there were few points of focal invasion in which few groups
of cells invaded superficially the lamina propria below (pT1) (Figure 24c). These bladder tissues
showed a softening in the urothelium compared to controls (Figure 25a) of 0.81 fold change
(Figure 25b), as well as in the lamina propria which exhibited a very broad stiffness distribution
(0.78 fold change). It could be appreciated that the elasticity distribution of the muscle slightly
started to shift towards lower YM values in comparison with the healthy muscle, with a fold change
of 0.87 respect to control muscle tissue, even though cancer cells did not invade this tissue layer
yet. YM distribution of the whole tissue was characterized by a bimodal profile: one lower peak
which corresponded to the presence of tumor cells in the urothelium and in the lamina propria, and
a stiffer peak that corresponded to the muscle tissue layer without the presence of tumor cells, which

partially overlapped with the healthy tissue (Figure 25a).

72



a) 0 2 months old 4 months old 6 months old 8 months old
| | | ] |

BBN
BBN J
2 months after 4 months after 6 months after
tr tr treatment
Sacrifice Sacrifice Sacrifice
Indentation Indentation Indentation
experiments experiments experiments
b) Dysplasia (BBN month 2) Q) pTa (BBN month 4)
200 200
U L M u L M
150
w
& 100
~ A
=
> 50
. ol ., L . . —
600 o 100 200 300 400 500 600 700

Radial position from the inner wall (um)

0 W 200 Difailed meas. i ) 0 200 [ failed meas.

d) pT1 (BBN month 6)

o ! v, 1 | I

I 1
0 100 200 300 400 500 600 700 800 900 1000
Radial position from the inner wall (umj

o

b
Ommmm 1200 o failed meas

Figure 24. Murine model of bladder cancer (BBN). a) Animal model establishment. Representative
bladder wall stiffness gradients collected with nanoindenter at b) 2 months of BBN treatment, where
urothelium dysplasia is marked by *; c¢) 4 months of BBN treatment, where Ta tumor limited to the
urothelium without invading the lamina propria is marked by **. T1 tumors in which urothelial tumor cells
break the basal membrane and invade the lamina propria below at 4 and d) 6 months BBN treatment are
marked by ***, U: urothelium, L: lamina propria, M: muscle.
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After 6 months of BBN treatment tumor cells were present in the lamina propria (pT1)
(Figure 24d). Also, at this time point the treated bladders were characterized by elasticity
distributions shifter towards softer values for urothelium and lamina propria (Figure 25a). The
muscle tissue exhibited a bimodal distribution with one peak shifted towards lower values and a
second peak that overlapped with those of healthy bladder (Figure 25a). Likely due to the
physiological aging of the animals leading to increase in tissue elasticity, fold change respect to
controls were less dramatic, being the lamina 0.93 softer and muscle 0.90 softer (Figure 25b). |
hypothesized that the main contributor to this bladder softening was the presence of tumor cells
within the tissue, which are widely known to be softer than their healthy counterparts. Nevertheless,
softening of the different layers was detected prior to tumor cell invasion (for lamina and muscle at
month 4, and for muscle at month 6). Overall, the neoplastic microenvironment was softer than
those of healthy animals, even when such softening effect was combined with the physiological

aging of these animals.
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Figure 25. Micromechanics of BBN model. ) YM’s from BBN treated bladders (black) at 2 months, 4
months and 6 months of BBN treatment; and comparison to healthy animals of the same age (grey) measured
both with nanoindenter and AFM. N = 3 rats per time point and condition, each tissue layer of each single
rat is characterized by over 3000 force curve measurements. Data shown are logarithm in base 10 of YM’s
(in Pa). b) Fold of change of mean of the median logl0 YM values of treated rats + standard deviation (with
propagated error) respect to control rats. T-test showed statistically significant softening with respect to the
control animals (mean + standard deviation with propagated error are shown. ns=not significant, *=p-
value<0.05, **=p-value<0.005, ***=p-value<0.0005). c) Mean of the median values of each rat. 2-way
Anova showed that statistically significant differences in the BBN model were observed in the urothelium

from month 2 to month 4, and from month 4 to month 6; and for the lamina propria from month 4 to month
6.
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5.1.5.2. A preliminary mechanical fingerprint of high-grade human urothelial

carcinoma

Once studied bladder tumor mechanics on murine model that allows for closer follow up of
earlier stage tumors, I characterized the micromechanical profile of a high-grade MIBC from a
patient that underwent radical cystectomy. In this context, I investigated paired surgical samples
including the muscle tissue infiltrated by neoplastic cells and the non-invaded muscle tissue (Figure
26a). This strategy allows to characterize neoplastic vs non-neoplastic tissue, but avoiding
variability between donors. Normal muscle tissue was characterized by a YM that follows
approximately a Gaussian distribution after logarithmic transformation, with median value of 3.52
Logio(YM/Pa) (33 kPa in linear scale), while neoplastic infiltration of tumor cells on the muscle
tissue resulted in an increase of the mechanical heterogeneity and an overall softening of the tissue

(median value of 3.28 Logio(YM/Pa), 2 kPa in linear scale) (Figure 26b).
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Figure 26. Micromechanics of bladder cancer patients. a) Hematoxylin-eosin staining of muscle invasive
bladder cancer and paired non-neoplastic muscle tissue from a patient with high-grade urothelial carcinoma.
b) Mechanical profile of neoplastic (orange) and non-neoplastic (blue) muscle tissue from the same patient
(n=1). Data collected with the nanoindenter. Data are shown as logarithm in base 10 of YM’s (in Pa).
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5.2. Chapter 2. Towards a more clinical set-up — micromechanical fingerprints of
bladder in health and disease by Brillouin imaging. Indentation vs spectroscopy
based techniques

AFM-based indentation is the gold standard technique widely used in mechanobiology to
investigate mechanical properties of biological systems. Brillouin microscopy is a non-contact
imaging technique, whose biological applications are emerging on the mechanobiology field to
assess biomechanics of different tissues and pathological conditions. After deeply characterizing
healthy, fibrotic and bladder cancer tissues by microindentation, this present chapter addresses the
validation of such observations on healthy and fibrotic tissues by Brillouin imaging. This would
allow not only to validate the here previously reported results, but also to decipher whether this non-
contact technique has the potential to be translated into the clinics, as the interaction with the tested
sample is only by means of light, which means that it could eventually be used in more various

sample types and not necessarily fresh tissue samples to investigate tissue mechanics.

Here, by exploiting a custom-built Brillouin Microscope, I provided data on Brillouin shift
on bladder tissues in healthy and fibrotic conditions, in order to establish associations between
mechanical properties of bladder and the fibrotic damage induced by irradiation. I also investigated
the physiological effect of aging on bladder mechanical properties. Finally, I compared the acquired
Brillouin maps to microindentation-based mechanical measurements performed on the same sample
and find correlations and anti-correlations between the two techniques, shedding light on YM and

Brillouin shift relation in tissues.
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5.2.1. Brillouin imaging of the healthy bladder wall

Murine bladder mechanical properties were evaluated by Brillouin microscopy. From
Brillouin shift (v3) maps, biomechanical features of bladder walls of healthy rats were recovered
in a label-free and contact-less fashion while tissues were kept fresh and hydrated. Bladder walls
were evaluated in different regions per slice, whose location under the microscope was achieved by
optical transmission microscopy in differential interference contrast (DIC) mode, and Brillouin
maps covering the whole width of the bladder wall were collected with a sub-micrometric spatial
resolution, a resolution much more accurate than the macroscopical ones available with other

techniques (Figure 27a).

I found out that the inner tissue layer - the urothelium - exhibited the lowest Brillouin shift
values (ranging from 7.5 to 8.3 GHz, that are typical values of Brillouin shift for cells (Scarcelli et
al, 2015)). When moving towards the middle layer of the bladder wall - the lamina propria - a sharp
increase in Brillouin shift occurred: this region of the bladder was highly heterogeneous in vg,
reaching its maximum at values as high as 10 GHz. Overall, healthy bladder lamina propria’s
Brillouin shift was highly heterogeneous and had values distributed from 7.5 to 10.5 GHz (Figure
27a), a range that is much higher than the urothelium one and that is consistent with other ECM
vg values previously reported (Ryu ef al, 2021). The muscle layer of the bladder was characterized
by a Brillouin shift that ranged from 9 to 9.2 GHz; finally, the shift decreased in the perivesical fat
layer of the bladder.

An important difference between DIC and Brillouin shift images was clearly visible from
these data (Figure 27a): DIC showed very little contrast and poor sensitivity to sample morphology,
while Brillouin imaging allowed for optimal differentiation of anatomically different parts of the
specimen, confirming its use as a cutting-edge imaging technique for biological systems. Indeed,
raw Brillouin spectra of different parts of the specimen highlighted the sensitivity of the technique
to their various biophysical components with high signal-to-noise ratio (yellow and red dots in
(Figure 27b); moreover, PBS buffer Brillouin spectrum (blue spot in (Figure 27b) presence

confirmed that the tissue was kept hydrated during the whole acquisition.
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Figure 27. Brillouin imaging of the healthy bladder wall. a) HE staining of the healthy bladder wall (top),
the different anatomical tissue layers are indicated by U: urothelium, L: lamina propria, M: muscle. DIC
images and corresponding Brillouin maps of the whole width of the healthy bladder wall, from urothelium
(left) to muscle (right). Scale bar =20 um. c) Raw Brillouin data spectra of different parts of an image shown
in panel b, shown here in grayscale. The blue spot is located in the vicinity of the sample, and in blue it is
shown the raw spectra of PBS buffer, similar to water (vg = 7.51 = 0.03 GHz). The yellow spot located in
the urothelium and in yellow the corresponding raw spectra of urothelium (v = 8.25 + 0.04 GHz). The red

dot is located in the lamina propria, and in red its corresponding raw spectra of the stiffest part of lamina
propria layer (v =9.72 + 0.02 GHz).
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In order to account for possible aging effects on bladder mechanical properties, healthy
bladder tissues belonging to rats of different ages (namely 2, 4 or 6 months) were characterized by
Brillouin imaging (Figure 28). I observed that physiological aging among the adult life of the
animals resulted in a slight shift of vz towards higher values from Month 2 to Month 4 and Month
6. Histograms recapitulating mechanical properties of Month 4 and Month 6 were quite similar and

differences between these two time points were minor (Figure 28b).
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Figure 28. Brillouin imaging of healthy bladder wall at different ages of the adult rat life. a)
Representative healthy bladder Brillouin shift maps at Month 2, 4 and 6, from urothelium (left) to muscle

(right). b) Histogram representation of evolution of bladder mechanics with physiological aging of the adult
rat.
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5.2.2. X-ray irradiation causing actinic cystitis resulted in a decrease of tissue Brillouin

shift and lowered the Brillouin shift heterogeneity respect to healthy animals

Mechanical properties of irradiated bladders that developed fibrosis were here characterized
by Brillouin imaging (Figure 29). Fibrotic remodeling of the bladder resulted in an overall decrease
of vp of the bladder wall in comparison to healthy animals of the same age, while the gradient from
urothelium to lamina propria and muscle was maintained (Figure 29a), in particular, the longer the
time since irradiation, the lower the Brillouin shift (Figure 29b). Moreover, Brillouin shift
distributions of fibrotic animals were less broad than the wild-type ones, and tended to be bi- or
single- modal. At Month 6, this peak collapsed towards 8.3 GHz, a peak common to all conditions

(Figure 29Db).
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Figure 29. Micromechanics of murine bladder in a model of actinic cystitis (X ray radiation). a)
Representative Brillouin maps of fibrotic bladder at Month 2, 4 and 6, from urothelium (left) to muscle
(right). b) Kinetics of bladder tissue elasticity from X-ray irradiated rats at different time points (green
histograms) and comparison to healthy animals of the same age (grey histograms) by Brillouin imaging.
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6. Discussion

This study details the mechanics of the three tissue layers of bladder at microscale level,
thus unveiling the heterogeneity in terms of elasticity of the three tissue layers, tissue stiffening for
actinic cystitis and softening of all three layers during the onset and progression of bladder cancer.
By providing mechanics characterization at the microscale level, here we provide novel information
regarding changes in the neoplastic environment according to the way of invasion of bladder cancer

that is by single cells or small cluster of cells.

To the best of my knowledge, in this study I performed the first spatial and temporal micro-
mechanical mapping of the whole bladder wall, with micron-level spatial resolution, both in health
condition, actinic cystitis and bladder cancer. The indentation methodology here used was first
AFM, the gold standard in mechanobiology to investigate cell mechanics. Nevertheless, the
investigation of the mechanical properties of tissues needs to deal with bigger sampling regions,
which means increased testing scale, surface roughness and mechanical heterogeneity of the sample.
This requires first, increased Z piezo range, and second, closed indentation loop to measure all
mechanical heterogeneities (to probe very soft and very stiff regions within a big sampling area).
On the other hand, nanoindentation-based mechanics investigation has been previously reported to
suffer from replication issues, which has been overcome at the cell scale (Schillers et al, 2017), but
not yet at the tissue scale. Thus, aiming to overcome the technical challenges of testing such
complex samples and increase the robustness and reproducibility of our results, as well as its
eventual translation to the clinics, I here combined two indentation-based instruments: AFM and a

nanoindenter, which overcomes such technicalities and allowed for validation of our own data.

I demonstrated that the bladder wall is a highly mechanical heterogeneous tissue,
characterized by a gradient of stiffness from urothelium to lamina propria and muscle layer. I also
showed an effect of aging on tissue mechanics, which is known to alter murine bladder histology
(Al-hayyali, 2020). Understanding tissue mechanics and the distribution corresponding to different
anatomical tissue layers - as it was previously reported for organs as the cornea (Last et al, 2012)

or the skin (Kao et al, 2016) - is also of relevance for the bladder, as its physiological function
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comprehends high elastic tension and mechanical stress, and it may be crucial for bladder

reconstruction purposes.

Fibrosis results from the pathological accumulation of ECM proteins due to chronic
inflammation, resulting in scarring and thickening of tissue and, finally, in organ failure (Mangano
et al, 2018). We used X-ray irradiation to establish an animal model of actinic cystitis, in order to
characterize the mechanical fingerprints of fibrotic bladder tissue. By using the histogram
representation of the YM I identified stiffening of the urothelium 2 months after irradiation,
suggesting that the main effect of irradiation was on the cells, which it is well known to induce cell
apoptosis (Zhao, 2019), and apoptotic cells have been previously reported to be stiffer (Islam et al).
At the second studied time point, i.e., 4 months, stiffening of the lamina propria and muscle
occurred, in agreement with a previous study (Zwaans et al, 2022). The YM in 6-months irradiated
animal did not change compared to the 4-months treated animal, while the mechanics of bladder in
control animal increased from 4 to 6 months of age, masking the effect of the treatment.

The investigation of tissue elasticity by microindentation was also able to detect the absence
of bladder fibrosis on an irradiated animal that did not develop actinic cystitis. This information
supports the diagnostic potential of quantifying tissue elasticity at the microscale, which could be
used to have more detailed information about the reactive stroma characteristic of fibrotic processes,

which is usually investigated by histological techniques.

I also observed an increase in tissue compliance in the presence of bladder tumor, both in
the rat model and in humans, similar to what has been reported for liver cancer tissues (Tian et al,
2013). In principle this observation may seem controversial and opposite to the general tendency of
solid tumors (i.e., breast (Plodinec et al/, 2012) and lung (Friedl et al, 2012) cancer, dominated by
collective cell invasion (Ilina et al, 2018)), where stiffening usually takes place. Tissue stiffening is
also observed when studying urological organs as the prostate or the testis by non-invasive
macroscale techniques (Martinez-Vidal et al, 2021). Nevertheless, by providing spatially resolved
micro-mechanical maps, we here were able to measure the contribution to tissue elasticity both from
cells and ECM. In the MIBC tumor we found an increase in the heterogeneity of the elasticity of
the tissue when the tissue is invaded by neoplastic cells, as previously reported for breast cancer

(Plodinec et al, 2012). In addition, it has been previously established that tumor cells are softer than
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their benign counterparts, and that softening of cancer cells increases with increased malignancy
(Lekka et al, 1999).

On the other hand, ECM stiffening is increasingly recognized as a major mechanical signal,
which alters cell behaviour and in part confers cancer cell hallmark capabilities including sustained
growth, invasion, and metastasis (Li et al, 2019). Such increase in ECM stiffness is mainly
associated to increased collagen deposition (Oudin & Weaver, 2016; Erler & Weaver, 2009)
especially at the invasive front of tumors, which furthermore often corresponds to the stiffest region
of the tumoral tissue (Acerbi et al/, 2015). One example of tumoral fibrotic stroma is the case of
breast cancer, in which breast tumors are characterized by increased collagen deposition together
with increased linearization and thickening of collagen fibers (Provenzano et al, 2006, 2008). Those
tumors characterized by fibrotic stroma deposition are known to be stiffer, as breast and pancreas
(Whatcott ef al, 2015). In addition, it has been reported for NMIBC patients an association with
COLI1A1 and COL1A2 (Brooks et al, 2016). Therefore, it would be eventually interesting to study
decellularized bladder tissues to investigate the contribution of ECM to the whole organ stiffness,
and study eventual associations with the increase in collagen expression reported in non-muscle

invasive bladder cancer patients with poor prognosis (Brooks et al, 2016).

Furthermore, in bladder tumors, cancer cells migrate as single cells or small nests (Friedl et
al, 2012), contrary to tumors in which stiffening is reported, e.g., breast, prostate and lung cancer
(Friedl et al, 2012). Single cell invasion, can be divided into mesenchymal and amoeboid migration
(Friedl et al, 2012). Few studies have shown that muscle invasive bladder cancer promotes enhanced
contractility of cells using amoeboid migration, which contrary to mesenchymal migration, takes
place when surrounding matrix is relatively soft (Krakhmal et al, 2015). By investigating elasticity
profiles of bladder tumor in the rat model, we detected softening in those tissue layers under the
tumor when the tumor did not invade yet. These results indicate that the tissue layers undergo
mechanical remodelling being primed before it is invaded by the tumor cells, thus highlighting the
clinical potential of measuring tissue elasticity by microindentation for early bladder cancer
prognosis. This observation goes in line with a previous study, which reports that mechanical
remodelling of tissue surrounding neoplastic cells precedes invasion in head and neck squamous
cell carcinoma spheroids (Chen et al, 2019). Further tests on clinical specimens are needed to

validate the information here obtained by investigating tissue mechanics using a preclinical model.
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A limitation of this study is that bladder specimens were snap frozen prior to mechanical
measurements. Even though there was no chemical treatment performed and samples were
considered fresh/frozen, it cannot be excluded that the freezing/unfreezing procedure might include
some artifact on the specimens, raising the possibility of selection biases. Aiming to reduce this
effect we used a cryoprotectant (OCT) that protects the sample from ice crystal formation and used
a snap freezing protocol. Furthermore, we here performed a comparative study between different
conditions, therefore the samples were always subjected to identical protocol. Previous studies have
shown little impact on the mechanical properties on freezing tissue (Delgadillo et al, 2010).
However, working with frozen tissues has several advantages, and different AFM studies used
fresh-frozen clinical specimens (Kao ef al/, 2016; Babu & Radmacher, 2019; Usukura et al, 2017;
Grant et al, 2012; Graham et al, 2010). Furthermore, frozen tissue allows to prepare semi-thin

sections, which allows histological analysis and correlation with histological examination.

Another limitation of this work has to do with the mechanical modeling: when estimating
the elastic properties, we neglected viscous effects. We assumed the values we report can be
considered characteristic of a low frequency material response, where viscous effects play a
negligible role. Nevertheless, the YM only gives a partial insight into the mechanical response of
the material. For example, a recent work (Tsvirkun et al, 2022) highlighted how different amounts
of collagen affect both tissue stiffness and viscosity in cellular aggregates. Future studies should

focus on the characterization of layer-specific viscoelastic effects.

The second part of this thesis focused on using Brillouin imaging to mechanically investigate
bladder tissues in health and in the pathological condition of actinic cystitis. In order to characterize
bladder mechanical properties by this spectroscopy based technique, I here used the same sample
preparation protocol used to investigate bladder mechanical properties via microindentation
techniques. In this way, I provided a robust experimental setup for comparing the results from the
two different techniques, avoiding detecting different artifacts introduced by different sample
preparation protocols that could eventually affect mechanical properties measured by the different
techniques. In addition, I here analyzed adjacent tissue slices from the same bladder organ by the
two different techniques, therefore investigating mechanical properties of the same region of the

Same organ.
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The healthy bladder wall was characterized by a gradient of Brillouin shift, which revealed
high mechanical heterogeneity of this tissue on its cross section, from the urothelium to the lamina
propria and muscle layer. Such broad differences in mechanical properties between adjacent layers
of bladder can be ascribed to their diverse biochemical scenario: cells are a mostly composed by
water, while the lamina propria is an interlaced mesh of water, proteoglycans and fibrous proteins
(as collagens, elastins...); and the outer layer of the bladder is formed by muscle bundles and fibers.
A direct correlation between Brillouin microscopy and microindentation-based measurements on
the intrinsic bladder wall mechanical properties was observed (Figure 30a): urothelium exhibited
both the lowest YM and Brillouin shift, these parameters increased over the lamina propria and
transiently decreased over the muscle layer, although their absolute values were completely

different and non-comparable.

While we observed the same trend of tissue mechanical properties by microindentation and
Brillouin when checking intrinsic variations within the bladder wall, opposite trends were observed
when comparing healthy and fibrotic bladders (Figure 30b): while YM measured by
microindentation increased after X-ray radiation-driven fibrosis, Brillouin imaging showed the
opposite correlation, i.e. fibrotic tissues had lower Brillouin shift than non-treated animals, being
this value lower the longer the time since X-ray irradiation. Alteration of murine bladder mechanical
properties after actinic cystitis development has been previously described. In this study (Zwaans
et al, 2022), by applying loading-unloading cycles of stretching, they reported that irradiated
bladder ECMs were significantly less distensible than healthy ones at the macroscale. Such
macroscopical mechanical test revealed that the changes were apparent at 3 months post-irradiation

and statistically significant at month 6.
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Figure 30. Comparison of Brillouin and YM maps of bladder in a) health and b) fibrosis. Graphs on

the left of Brillouin map and right of nanoindenter maps represent the mean of each horizontal line of YM
pixel values from the map + standard deviation of the mean in gray shade.
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A possible explanation to this apparent incongruence in our data lies in the differences
between Brillouin Microscopy and microindentation techniques such as AFM. In fact, although
both these techniques are sometimes interchanged in sensing a common property named “stiffness”,

they differ in many significant aspects, specifically:

(i) They measure different elastic moduli: the AFM-based microindentation is a sample volume
preserving measurement, that is the sample is deformed at constant volume, which implies a lower
resistance to the applied external force. On the contrary, Brillouin light scattering is related to the
Longitudinal Modulus, where the system's volume (or density) is changed when applying the stress.
The Young modulus lies in the kPa range, while the Longitudinal Modulus in the GPa range, six
orders of magnitude apart. AFM provides information about material elasticity, while Brillouin

microscopy informs about material’s compressibility.

(ii) The two techniques work at very different frequencies (AFM works in Hz/kHz regime, Brillouin
in the GHz regime). This is a critical point in the evaluation of mechanical properties of a material,
since the response to a mechanical stimulus depends on the frequency at which it is applied (Wu et
al, 2018). This phenomenon is known as viscoelasticity, for which the mechanical response of a
material can be described as a combination of two ideal behaviors, those of an elastic solid and of a
viscous liquid: depending on the frequency, one may dominate over the other. Broadly speaking,
both Young’s Modulus and Longitudinal Modulus depend on the probing frequency: their values
increase almost stepwise when the frequency of the probe vg becomes comparable to the inverse of
the relaxation time 7rex present in the sample. Without entering in the details (the interest readers
can refer to standard textbook on the matter (Berne & Bruce, 2000)) it is sufficient to mention that
in condensed matter such times are in the ps-ns time scale, depending on the aggregation state
(liquid, glasses, ...) of the probed region. While to a good extent the Young’s Modulus measured
in AFM-based microindentation experiments is almost frequency independent, the Longitudinal
Modulus (proportional to the square of the Brillouin shift) is often strongly frequency dependent.
Therefore, a change in the Brillouin shift is seen -in a given tissue/compartment- when vo*7 e = 1,
which can happen either if one changes the measurement’s frequency vy, or, more importantly, if
the relaxation time 7. changes (Mattana er al, 2017). Consequently, we speculate that the
biophysical modifications caused by fibrosis (e.g., increased collagen deposition and crosslinking)

have a broad impact on tissues’ relaxation time, passing from a condition where vo * Treix > 1 in
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healthy samples towards another in which vo* 7.ax < 1 in fibrotic samples, thus leading to a

lowering in vs.

(iii) The spatial resolution of the Brillouin maps here shown is much higher than the
microindentation-based Young’s Modulus maps. The Brillouin microscope here used exploited a
high-numerical aperture objective and its three-dimensional resolution is =1 pm?. Instead, AFM
indentation, involving a deformation of a large area of approximately 8 um provided mechanical

maps with a pixel size of 10 um.

Different attempts have been made to correlate Brillouin with microindentation
measurements in biomechanics in cells (Scarcelli et al, 2015). However, to our knowledge, this is
the first time that such a correlation was achieved also in tissues. This was possible due to the use
of a sample preparation protocol that allows both for spectroscopy based mechanical investigation,
as well as by microindentation techniques. Because of the different moduli probed, and of

viscoelasticity, the comparison cannot give universal results, rather a material dependent outcome.

This study highlights the intrinsic mechanical heterogeneity of the different bladder layers.
By providing high resolution micromechanical maps, which account for the three anatomical layers
of bladder, I report an alteration of the mechanical properties of the bladder tissue in the pathological
conditions of actinic cystitis (decreased elasticity and increased compressibility) and tumor
(increased elasticity). Such mechanical fingerprints could eventually pave the way for future clinical
diagnostic and prognostic tools, likewise laying out eventual hints for bladder reconstruction
purposes. Furthermore, another potential clinical application of this study could be the investigation
of response to therapy, by first testing whether an efficient therapy is able to restore the mechanical
properties of the pathological tissue to its physiological state, and once developing this database of
mechanical information, test mechanics as a parameter of response to therapy. In addition, taking
together Brillouin and indentation-based results, I here highlight the complex viscoelastic properties
of bladder tissue and the need of characterizing such complex tissues spatially resolving its different
components at the microscale. Furthermore, consistent with the literature, I reported an alteration
of tissue viscoelastic properties in presence of actinic cystitis, a pathological condition well known

to dramatically affect bladder function and patient’s life quality. By providing a direct comparison
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between the gold standard technique in nanomechanics (microindentation-based measurements)
and the emerging and non-contact Brillouin microscopy imaging technique, [ here aimed to improve
the translatability of such mechanical tests to the clinics as a potential diagnostic and prognostic

tool complementary to the gold standard histopathological investigation.
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