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ARTICLE INFO ABSTRACT

Keywords: Background: Non-muscle invasive bladder cancer (NMIBC) patients are affected by a high risk of recurrence. The
Anisotropy topography of collagen fibers represents a hallmark of the neoplastic extracellular microenvironment.
Bladder Objective: Assess the topographic change associated with different stages of bladder cancer (from neoplastic le-
gz:cci(:ogen sions to bona fide tumor) and whether those changes favour the development of NMIBC.
Collagen Design, Setting, and Participants: Seventy-one clinical samples of urothelial carcinoma at different stages were
Extracellular matrix used. Topographic changes preceding tumor onset and progression were evaluated in the rat bladder cancer
Radiotherapy model induced by nitrosamine (BBN), a bladder-specific carcinogen. The preclinical model of actinic cystitis was
also used in combination with BBN. Validated hematoxylin-eosin sections were used to assess the topography of
collagen fibrils associated with pre-tumoral steps, NMIBC, and MIBC.
Findings: Linearization of collagen fibers was higher in Cis and Ta vs. dysplastic urothelium, further increased in
T1 and greatest in T2 tumors. In the BBN preclinical model, an increase in the linearization of collagen fibers was
established since the beginning of inflammation, such as the onset of atypia of a non-univocal nature and
dysplasia, and further increased in the presence of the tumor. Linearization of collagen fibers in the model of
actinic cystitis was associated with earlier onset of BBN-induced tumor.
Conclusions: The topographic modification of the extracellular microenvironment occurs during the inflammatory
processes preceding and favoring the onset of bladder cancer. The topographic reconfiguration of the stroma
could represent a marker for identifying and treating the non-neoplastic tissue susceptible to tumor recurrence.
Introduction proliferation, and migration of cancer cells while serving as physical

Physical and mechanical properties of the extracellular matrix (ECM)
are fundamental to determining cell phenotypes both in healthy and
pathological conditions [1-7]. ECM remodeling in the tumor microen-
vironment (TME) influences cancer cell survival and spreading, immune
cells anticancer activity, and interaction of cancer-associated fibroblasts
with cancer cells [8,9]. Among the different ECM properties, ECM
anisotropy — the topographical alignment of the ECM collagen fibers
[3,10] is an emerging prognostic factor in tumors. Indeed, the highly
aligned fibers in the TME influence gene expression, differentiation,

tracks for tumor invasion and spreading [2,11,12]. Linearization of the
texture of collagen fibers, modification of the biochemical composition
of the TME, and increased level of the extracellular lysyl oxidase (LOX)
have been associated with increased tissue stiffness in ovarian, colo-
rectal and breast cancer and Hodgkin lymphomas, generally resulting in
an unfavorable prognostic factor for affected patients [1,4,6,13,14].
Noteworthy, the altered organization of collagen fibers has also been
reported in the perilesional tissue, such as human colon mucosa up to
twenty centimeters far from the tumor [2,3], and demonstrated to
support proliferation and invasion of tumor cells[15].
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In bladder cancer (BCa), increased linearization of collagen fibers
has been reported in the neoplastic tissue from patients with muscle-
invasive bladder cancer (MIBC) [16], while the topographical reorga-
nization of the ECM in the TME remains undefined in non-muscle
invasive bladder cancer (NMIBC). As NMIBC is characterized by a very
high frequency of relapse that is still difficult to predict using traditional
histology parameters, ECM remodeling in the TME represents an
emerging and promising biomarker of cancer recurrence [17]. In this
study, we aimed to establish the topography of collagen fibers in the
whole spectrum of bladder cancer progression — from in non-neoplastic
and dysplastic tissues to bona fide bladder cancer — and its association
with tumor grades and stages, leveraging tissue specimens from patients
and relevant bladder cancer rat models. Second, a combination of rodent
models was used to establish whether topographic modification occur-
ring during dysplasia sustains the onset of bladder cancer.

Results

Standardization of the anisotropy measurement in human histological
sections

The topographic reconfiguration of the stroma was assessed through
the linearization assessment of the collagen fibers pattern (anisotropy
index). To identify the area of the tissue representative of the anisotropy
index of the entire histological section, the protocol for measuring the
anisotropy index was standardized using human bladder tissues from 10
therapy-naive patients undergoing radical cystectomy (Table 1).

Table 1
Characteristics of patients with urothelial carcinoma.

TURBT pre-BCG

# Stage Grade Sex Age (Y) Smoke
1 T1 G3 M 65 Ex
2 T1 G3 M 84 Ex
3 T1 G3 M 56 No
4 T1 G3 M 57 No
5 T1 G3 M 68 Yes
6 T1 G3 M 69 Ex
7 Ta G2 M 63 Ex
8 Ta G2 M 67 No
9 Ta G3 M 67 Ex
10 Cis G3 M 58 Yes
11 T1 G3 M 81 Yes
12 T1 G3 M 74 Ex
13 T1 G3 M 83 Yes
14 Ta G3 M 69 No
15 Ta G3 M 44 No
16 Cis G3 M 54 No
17 Ta, Cis G3 M 70 Ex
18 Ta G2 F 62 No
19 Ta G2 F 69 No
20 Ta G2 M 72 Ex
Therapy naive —radical cystectomy

# Stage Grade Sex Age (Y) Smoke
21 T2b G3 M 69 Ex
22 T3b G3 F 70 No
23 T3b G3 M 76 No
24 T3a G3 M 77 Ex
25 T2b G3 M 62 No
26 T2b G2 M 81 Ex
27 T3b G3 M 71 Ex
28 T1 G3 M 77 Ex
29 T1 G3 M 68 Ex
30 T3b G3 M 68 Ex
31 T2a G3 M 56 Ex
32 T2a G2 M 75 No

All clinical specimens used for this study were selected from therapy- naive
patients.
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Validated histological sections of non-neoplastic tissue were used, and
the birefringence of the collagen was highlighted through the polarized
light/dark microscope analysis (Fig. 1A). The anisotropy index of non-
neoplastic lamina propria of the entire tissue section was measured
using several regions of interest (ROIs) (44-120 ROIs according to the
amount of tissue section), and each ROI with an area of 0.01 mm?. Next,
the anisotropy value of the same tissue section was calculated using half
of the ROIs used for the entire section (Group 1), and the same procedure
was repeated by selecting the other half of ROIs (Group 2) (Fig. 1B).
Because the neoplastic tissue is more heterogeneous than the non-
neoplastic tissue due to the presence of neoplastic niches, inflamma-
tory infiltrate, and neo-vessels, we investigated if the same strategy
could be adopted for measuring the anisotropy index of the neoplasia
(Fig. 1C). We identified that the minimum number of ROIs representa-
tive of the anisotropy index of the entire tissue section was 22, corre-
sponding to an area of 0.23 mm?. Moreover, the same number of ROIs
was applicable to both non-neoplastic (Fig. 1D) and neoplastic tissue
(Fig. 1E).

Topographic reorganization of ECM is associated with bladder cancer stage
and grade

After having standardized the methodology to perform the analysis,
we investigated the association between the topography of collagen fi-
bers of the lamina propria and the stage of bladder cancer. The anisot-
ropy index was evaluated in the lamina propria of non-neoplastic,
dysplastic, and neoplastic tissues (therapy-naive NMIBC or MIBC,
Table 1) by applying the validated 22 ROIs strategy and excluding areas
enriched in blood vessels.

In the context of the neoplastic bladder, the non-neoplastic and
dysplastic tissue showed similar anisotropy index and, therefore, were
combined for the following analyses. Likewise, for the superficial tu-
mors, such as Carcinoma in situ (Cis) and Ta, we did not find differences
(data not shown), and the data were pooled together. We identified that
each stage of the tumor had a higher anisotropy index than non-
neoplastic/dysplastic tissues. The anisotropy index of the superficial
tumors (Cis + Ta) was higher compared to the non-neoplastic/dysplastic
tissues, and even greater in tumors breaking the basal lamina and
invading the lamina propria (T1), while the anisotropy index was similar
in T1 and muscle-invasive (i.e., >T1) tumors. (Fig. 1F). Furthermore, we
established an association between the anisotropy index and the tumor
grade, as the anisotropy index increased from the non-neoplastic/
dysplastic tissues to grade 2 and even more in grade 3 (Fig. 1G).

Topographic ECM remodeling of lamina propria precedes the onset of
bladder cancer

The study on clinical specimens highlighted tissue remodeling in the
neoplastic environment associated with a process of inflammation;
although very informative, the use of BCa patient samples provides a
snapshot of the TME rearrangement once the tumor is present, but it
does not provide information on whether the topographic ECM remod-
eling is a potential marker of tumor onset. Thus, we implemented a
preclinical model of bladder cancer, in which the rats exposed to the
bladder-specific carcinogen BBN develop all steps of carcinogenesis,
from the inflammatory status to the onset of atypia of a non-univocal
nature, dysplasia, tumor onset and invasion. We followed the BBN ef-
fect on the bladder at different time points using ultrasound imaging
(Fig. 2A) and histological analysis (Fig. 2B).

Similarly to what was carried out for human samples, we standard-
ized the data acquisition for rat bladder anisotropy measurement.
Because the rat bladder is smaller than the human bladder, we used
smaller ROIs and we identified that averaging the anisotropy measure-
ment from 20 ROIs covering a total area of 0,0047 mm? was represen-
tative of the anisotropy of the entire lamina propria. The anisotropy
index increased during the inflammatory processes, from the acute
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Fig. 1. Anisotropy of collagen fibrils in human bladder and urothelial cancers. A) Hematoxylin/eosin-stained sections of human bladder, followed by acquisition of
collagen birefringence with polarized light/darkfield microscopy and analysis of the anisotropy (blue line that shows the average orientation of the fiber and the
length that is proportional to the anisotropy index) in the region of interest (ROI). B) Standardization of the anisotropy measurement in the non-neoplastic and C) T1
bladder tumor (* shows muscle; # shows lamina propria of the bladder); each box in the darkfield microscopy represents a ROI with an area of 0.01 mm?. D-E)
Anisotropy index measurement in “all ROIs”, “ROIs group 1” and “ROIs group 2~ for ten patients, each represented by different symbol; paired Anova test did not
show statistical difference among the three ways of measuring the anisotropy, both in the non-neoplastic or T1 tumor tissue. F) Anisotropy index according to the
stage of the bladder cancer (non-neoplastic + dysplasia = 27 tissues; CIS + Ta = 24; T1 = 10; MIBC = 10). G) Anisotropy index according to the grade (non-
neoplastic = 27; G2 = 14; G3 = 24) of the bladder cancer. Mean + SEM are shown by red bars, and asterisks show the p value evaluated by means unpaired non-
parametric two tail T-test (Mann-Whitney test) (*: p < 0.05; **: p < 0.005; ***: p < 0.0005; n.s.: not significant) and non-parametric ANOVA (Kruskal-Wallis test)
(****: p < 0.0001). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



C. Venegoni et al.

A. Ultrasound imaging

0
1

=

<

c

]

£

= | 2

(V]

£

®

[}]

=

=

=]

=]
q
5

14
o

Anisotropy index
=3
»

0.0 T T T T 7T

S &2 &S
°'§° &° c\Q\Q\°"\\o@°‘\.§
RS &(“ Ay S o‘@

& < &
© Q,s‘ 5
o o
« &
&

B. Histology

Matrix Biology Plus 23 (2024) 100154

Healthy

Inflammation

Dysplasia

Non-invasive
Tumor

Invasive
Tumor

b
Y

Anisotropy index
o o
N >

ns

T T T T
5M 6M 7M 8M
Invasive Tumor

Fig. 2. Topographical modification of bladder lamina propria in the preclinical model of BBN-induced carcinogenesis. A) Follow-up of rat bladder modifications by
ultrasound imaging during BBN treatment, from one animal representative of five with overlapping information. B) Histological section of rat bladder from untreated
and BBN treated rats, showing acute inflammation that occurred at 2-4 weeks after treatment, dysplasia at 2 months of treatment, non-invasive tumor at 4 months
after treatment and invasive T1 tumor after 5 months. C) Anisotropy index of collagen fibers in the rat bladder lamina propria in untreated (healthy) and BBN-treated
rats at the different stages of tissue modification. D) Anisotropy index of collagen fibers in the rat bladder lamina propria with the presence of invasive T1 tumor for

different months (5 months-8 months).
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inflammation to atypia and dysplasia and further increased when the
non-invasive tumor was present (Fig. 2C). The anisotropy index did not
further increase when the tumor invaded the lamina propria at month 5
(Fig. 2C), even when the invasive T1 tumor remained in the lamina
propria for several months, from month 5 to month 8 (Fig. 2D, Sup-
plementary Figure S1).

In panel A red arrows indicate the visualization of the tumor in ul-
trasound acquisition. In panel B asterisks show the presence of tumor
cells, and for the invasive T1 tumor rupture of the basal membrane
separating the urothelium and lamina propria was also evident. In
panels C and D, each symbol represents the value of the anisotropy index
in a single ROI from at least 3 animals for each cohort or time point, for a
total of 42 rats. Mean + SEM are shown by red bars, and asterisks show
the p-value evaluated by means non-parametric ANOVA (Kruskal-Wallis
test) (****: p < 0.0001; n.s.: not significant).

ECM remodeling sets the ground for tumor growth, causing anticipation of
tumor onset

To deepen the impact of ECM topography on the onset of the bladder
tumor, we investigated the preclinical model of actinic cystitis, a path-
ological condition caused by pelvic radiotherapy in patients treated for
prostate and rectum cancer [18,19]. Actinic cystitis is characterized by
an accumulation of extracellular matrix proteins, in particular of
collagen [19], resulting in tissue thickening and potentially in end-stage
organ failure [7].In agreement with previous findings [20-23], a single
session of X-ray irradiation (20 Gray) of the rat bladder (Fig. 3A) did not
induce malignant transformation of the bladder, but four months later
the bladder ECM was remodelled, and characterized by accumulation of
collagen (Fig. 3B) and increased linearization of the collagen fibers
(Fig. 3C). To establish the role of ECM topographic modification in
setting the ground for tumor growth, we administered BBN via the
drinking water after the induction of actinic cystitis (Fig. 4A). Four
months after the X-ray irradiation, mice were treated with BBN, and
once a week we monitored the onset and the growth of tumor by ul-
trasound imaging (Fig. 4B-C). In this setup we identified the presence of
invasive T1 tumors after 3.5 months of BBN treatment (Fig. 4D), which
represents an earlier time compared to treatment with the carcinogenic
agent alone (Fig. 2).
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Discussion

This study established the ultrastructural modification of the ECM in
BCa, assessing the texture of collagen fibrils pattern of clinical and pre-
clinical specimens. Using clinical and pre-clinical samples validated
through histological examination, we identified that topographic
modification of the extracellular microenvironment occurs during the
inflammatory processes preceding and favoring the onset of bladder
cancer. The implication of this study is the identification of a feature of
the ECM that predicts the onset of bladder cancer, which can be
deployed for the identification of patients and tissue areas at risk of
tumor relapse.

To characterize the topographic remodeling of collagen fibers in
bladder samples, we first established a standardized protocol to quantify
the anisotropy index. The anisotropy index of collagen fibrils was
evaluated in areas of the lamina propria, excluding the blood vessels,
and it was established that measuring the anisotropy index in 0.23 mm?
of the tissue section was the minimum area representative of the
anisotropy observed throughout the entire lamina propria in the histo-
logical section. The progressive linearization of the texture of the
collagen fibrils was associated with the steady increase of the stage of
NMIBC, from the benign modification of the urothelium to the onset of
superficial tumors Cis and Ta and the invasive T1 tumor, while for tu-
mors that invaded the muscle layer the anisotropy index was similar to
that of T1.

To deepen the associations reported in the clinical samples, which
represent a snapshot of the clinical history of the disease, we used a
preclinical model that allows monitoring the BCa onset and progression
in eight months of treatment with the carcinogen BBN, from hyperplasia
to papillary tumor, low- and high-grade carcinoma, non-invasive to
invasive carcinoma [24]. The treatment induced a steady increase of the
anisotropy index according to the progression of the inflammatory
process, and further increased in the presence of the non-invasive tumor,
as reported using clinical specimens. Invasion of the tumor started after
five months of BBN treatment and did not further increase the lineari-
zation of collagen fibrils, which remained stable in the following four
months of invasive neoplasia. The use of the preclinical model allowed
us to appreciate the modification of the linearization of collagen fibrils
that occurs during the inflammatory process and before the onset of the
tumor, whose presence further increases the anisotropy of the lamina
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Fig. 3. ECM remodeling in preclinical model of actinic cystitis. A) Set up of X-ray irradiation, based on computerized tomography (CT) image of the rat bladder and
the inclination of the three beams. B) The quantification of bladder area that expressed collagen in untreated (ctrl, control) and X ray-irradiated animals quantified in
HE slides; each symbol represents the measurement in a tissue slice, with multiple slices measured for each bladder, in three animals. Mean + SEM are shown by red
bars and asterisks represent the p-values (unpaired non-parametric two-tail T-test, Mann-Whitney test). C) Anisotropy index of collagen fibers in the rat bladder
lamina propria in untreated (ctrl, control) and X ray-irradiated rats; each symbol represents the value of anisotropy index in a single ROI; Mean + SEM are shown by
red bars and asterisks the p values (unpaired non-parametric two tail T-test, Mann-Whitney test) (*: p < 0.05; **: p < 0.005). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Earlier onset of bladder tumor in remodeled ECM. A) Timeline of X-ray irradiation and BBN treatment. (US: ultrasound imaging). B) US imaging of rat bladder
4 months after X-ray irradiation. C) US imaging of rat bladder 4 months after X-ray treatment plus 3.5 months of BBN treatment. * Shows the presence of tumor. D)
Histology of rat bladder 4 months after X-ray treatment plus 3.5 months of BBN treatment. The magnification shows the invasion of tumor cells inside the lamina
propria. Panels B to D show information from one representative animal of three with overlapping information.

propria.

To assess the causative effect of collagen topography on tumor onset,
we demonstrated that linearization of collagen fibrils induced by
radiotherapy favors the development of the tumor, inducing a temporal
advance in its development. This study identified that the topographic
modification of the collagen fibrils of the bladder lamina propria pre-
cedes the onset and invasion of bladder cancer. Remodelling of the
tumor microenvironment was associated with a reactive stroma repre-
sentative of inflammatory process.

We recognize that linearization of collagen fibrils is one of the
several modifications in the extracellular microenvironment that rise
after radiotherapy and may not be the only manifestation associated
with X-ray irradiation that promotes early tumor onset. Nonetheless,
topographic modification of the extracellular microenvironment occurs
during the inflammatory processes preceding the onset of the bladder
cancer, and further remodelling of the topography of the ECM before the
invasion is provided by the presence of the neoplastic cells. Modification

of the ECM texture represents one of the events responsible for setting
the neoplastic background also in primary bladder cancer, as proposed
to explain the metastatic spread of the disease [25-27]. Sex-specific
differences for BCa have been explained by differences in the urothe-
lial TME, for instance in the local microbiome [28] and immune infil-
tration [29]. As a consequence, also the extent of the modification of the
ECM topography must be investigated in male and female bladder
cancer patients, which was not possible in this study due to the limited
number of female patients.

In the context of the neoplastic environment, characterized by an
inflammatory process, the topographic reconfiguration is a proxy of
tissue transformation, and could represent a marker for the identifica-
tion of the non-neoplastic tissue at risk of tumor relapse. This informa-
tion paves the way for exploring the use of drugs inhibiting ECM-
modifying enzymes, such as the lysyl oxidases (LOX) and LOX-like
proteins (LOXL) [30-32], and to investigate the delivery as intra-
vesical instillation to reduce their side effects [33].
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Findings from this study are exploitable for setting the ground to
identify patients and bladder areas at risk of tumor relapse, both i) ex-
vivo, by assessing the anisotropy index of collagen fibers on non-
neoplastic and suspicious H&E tissue sections collected during TURBT
using polarized light microscopy or Brillouin microscopy [37], and ii) in
vivo, by assessing the three-dimensional organization of collagen fibrils
using innovative imaging-based techniques, such as elastography
[34,35] ormultiparametric magnetic resonance imaging [36], and iii)
for the delivery of novel adjuvant therapy targeting ECM remodelling in
order to revert topographic modifications to a physiological low line-
arization of the collagen fibers, aiming to decrease the disease pro-
gression/relapse.

Experimental procedures
Human patient cohort

Seventy-one clinical specimens from 32 patients (29 men, 3 women)
with a diagnosis of bladder cancer were used; clinical specimens were
from 12 radical cystectomies and 20 transurethral resections of bladder
tumors (TURBTS), in which both tumor and paired non-tumor areas
were available for all patients (Table 1). All surgical specimens
encompassed the entire bladder wall, and were staged according TNM
classification [38] and morpho-architectural criteria according to WHO
classification [39]. Formalin-fixed paraffin-embedded blocks were
retrieved and stained using automatic Hematoxylin/Eosin (HE) slide
stainer (HistoCore SPECTRA ST, Leica). The HE slides were reviewed by
an expert genitourinary pathologist. The study was carried out in
compliance with the principles of the Declaration of Helsinki; all pa-
tients signed an informed consent agreeing to deliver their own anon-
ymous information for future studies. The study received approval from
the Institutional Review Board.

Rat model of bladder carcinogenesis

Forty-two eight-week-old, 150-175 g female Fisher rats (Charles
River, Germany) were housed in the animal facility at IRCCS San Raf-
faele Hospital under standard conditions (temperature: 22 + 2 °C; hu-
midity: 50 + 10 %; light/dark cycle: 12-h light and 12-h dark). After a 1-
week period of acclimatization, the rats were evenly divided into two
groups: i) tumor, which was watered with 0.05 % N-(4-hydroxybutyl)
nitrosamine (BBN; Sigma Aldrich) and ii) control, which was watered
with normal drinking water. Animals were euthanized by CO,, the
bladder was filled with about 200 ul of formalin using a 22 G cannula
(BD, Italy), placed in formalin for 24 h, and then embedded in paraffin.

Rat model of actinic cystitis

Three eight-week-old, 150-175 g female Fisher rats were housed as
reported above, and after a 1-week period of acclimatization, the rat
bladder was X-ray irradiated. Animals were anesthetized with iso-
fluorane 2-4 %, and the bladder was filled with 450 pl of sterile saline
solution using a PE50 catheter [40]. X-ray irradiation of the bladder was
performed as reported [41]. All procedures and studies involving ani-
mals were performed under protocols approved by the IRCCS Ospedale
San Raffaele Institutional Animal Care and Use Committee, and in
accordance with national and international standard guidelines.

Ultrasound image analysis

Ultrasound (US) imaging was performed to monitor the presence of
bladder transformation [42], using the Vevo3100 LAZR-X Imaging
Station equipped with an MX250D transducer (FUJIFILM VisualSonics,
Amsterdam, the Netherlands). The ultrasound signal of axial sections of
the rat bladder was acquired using the following settings: frequency: 21
MHz; gain: 15 dB; step size: 200 um. B-mode 3D ultrasound images of the
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rat bladder were acquired and analyzed with VevoLab 3.2.5 software.

Collagen birefringence and FibrilTool analysis

Collagen birefringence was acquired on the HE stained tissues by
using the polarized light in darkfield microscope (Zeiss Axiolmager
M2M) and virtual images were generated with the use of Axio Vision
Imaging software (AxioVision, vers. SE64 Rel.4.9.1). All images were
captured using 5X objective (NEOFLUAR 5X- NA 0.15) and 10X objec-
tive (APOCHROMAT 10X — NA 0.45). Anisotropy was analyzed by using
the ImageJ software plug-in FibrilTool [43]. The degree of collagen fi-
brils organization is expressed in a range from 0 to 1; 0 that represents
random orientation of the fibrils, and 1 that is the maximum of linear-
ization of collagen fibrils.

Collagen quantification

Collagen quantification from hematoxylin/eosin stained tissue slices
was performed by quantifying collagen birefringence from images ac-
quired 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.

Statistical analysis

All experiments were repeated with at least three independent bio-
logical replicates. Mann-Whitney test and Kruskal-Wallis test were
performed using GraphPad Prism v. 8. Data are shown as mean + SEM.
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