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Comparative evaluation of collagen
modifications in breast cancerin
human and canine carcinomas
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New diagnostic and therapeutic approaches have been increasingly demanded due to the high
morbidity and mortality associated with breast cancer. Recently, changes in the collagen fibres in
mammary neoplasms have been shown to provide information that can be helpful for more accurate
diagnosis. We aimed to conduct a comparative analysis of the tumour stroma in human and canine
mammary neoplasms to assess the relationship between collagen modifications and the behaviour

of carcinomas in both species, by multiphoton microscopy. We present a retrospective study of 70
cases of human mammary tumour and 74 cases of canine mammary tumour. We analysed sections
stained with haematoxylin and eosin from 1,200 representative areas of normal mammary tissue,
fibroadenoma, grade | invasive carcinoma, grade lll invasive carcinoma and invasive micropapillary
carcinoma in human species and 1,304 representative areas of normal mammary tissue, benign mixed
tumour, mixed carcinoma, carcinosarcoma, invasive micropapillary carcinoma and solid carcinoma in
canine species. We obtained that both human and canine mammary carcinomas present lower density
of collagen fibres, higher density of cells and the collagen fibres are more aligned than in normal tissue.
For human mammary carcinomas, the collagen fibres are more linear as compared to normal tissue. In
addition, we demonstrated that the carcinomas with unfavourable prognosis present shorter collagen
fibres, and these collagen changes correlate with the clinical and pathological data in human and
canine species. For dogs, there is a correlation between the mean fibre length with the specific survival
times. Thus, we demonstrate that dogs provide an excellent comparative perspective for studying how
changes in the tumour stroma affect patient survival.

Keywo rds Collagen fibre, Collagen alignment, Tumour microenvironment, Breast cancer, Matrix
remodelling, Tumour-associated stroma

Mammary gland neoplasms are characterized by collagen deposition, remodelling, and linearisation of the
extracellular matrix, leading to fibrosis that promotes malignancy2. The stiffened stroma enhances tumour
cell growth, survival, and migration, driving an epithelial-mesenchymal transition. A rigid stroma also induces
angiogenesis, hypoxia, and compromises antitumour immunity®. It is a well-established fact that the tumour
microenvironment, also known as the tumour-associated stroma, is composed of a diverse combination of non-
tumour cells, such as fibroblasts, macrophages and other immune cells, vascular cells, adipocytes, and others, in
addition to the extracellular matrix. Studies demonstrated that tumour-associated stroma plays a key role in the
initiation and progression of a wide variety of neoplasms, having multiple roles in tumour biology*°. Collagen,
specifically, plays a crucial role in metastasis development in breast cancer, as well as in matrix metalloprotease
activity, that has been the subject of a considerable number of planned and therapeutic studies of many types
of cancer®™ and specifically in breast cancer!®-!%. It has been shown that the neoplastic mammary glands
present more organized and defined collagen fibres when compared to the healthy breast. Therefore, collagen
organization is correlated with unfavourable prognosis!'>-2!. Furthermore, changes in collagen density and fibre
organization were associated with tumour grade and overall survival in human!® and canine'® breast carcinomas.
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Neoplasms naturally developed in domestic dogs have increasingly been used as a valuable source of
information to better understand the biology of breast cancer development in women. The canine species
presents pathophysiological similarities with the human species and can help in research for new diagnoses and
therapies related to this neoplasm??-2. The field of comparative oncology aims to approach some existing research
deficiency, broadening its focus from classic rodent models to spontaneous tumours that develop in animals.
This additional perspective is perceived as a chance to complement and improve the understanding of complex
diseases, such as cancer, in relation to tumour development, risk factors and mechanisms of tumourigenesis.
Due to the many similarities shared between dogs and humans, the domestic dog has been considered one of the
best examples of comparative oncology?!?22>26:28-30_Thuys, the aim of this study was to carry out a comparative
analysis of the tumour stroma in human and canine mammary neoplasms to evaluate the links between changes
in collagen fibres and the behaviour of carcinomas in both species. The study was based on morphological,
clinicopathological, immunophenotypic data and imaging by second harmonic generation (SHG) and two-
photon excited fluorescence (TPEF) microscopy in cases of human mammary and canine mammary tumour.

Materials and methods

Case selection

This retrospective study involved the analysis of 70 cases of human mammary neoplasms, 74 samples of canine
mammary tumours, 20 healthy samples of human mammary tissue, and 12 healthy samples of canine mammary
tissue. The canine mammary tissue samples were obtained from the archives of the Comparative Pathology
Laboratory at the Federal University of Minas Gerais (UFMG), Brazil. The human mammary tissue samples
were collected from the biopsy sector archives of the Faculty of Medicine at the Federal University of Minas
Gerais (UFMG), Brazil. Both the canine and human samples were sourced from naturally occurring tumours in
patients undergoing treatment at the UFMG Veterinary Hospital and the UFMG Hospital das Clinicas. Healthy
canine mammary tissue samples were acquired from mammary tissues without mammary chain abnormalities
received at the Comparative Pathology Laboratory. Healthy samples of human breast tissue were obtained from
breast reduction surgeries performed at the Hospital das Clinicas of UFMG. The selection process encompassed
samples with comprehensive information regarding tumour size, presence or absence of regional or distant
metastasis, and histological grade.

The two-photon microscopy images were performed on histological slides stained with haematoxylin and
eosin (H&E). The slides were prepared using sections of healthy or neoplastic mammary tissue sourced from
biopsies involving procedures such as setorectomy, simple mastectomy, or unilateral/bilateral radical mastectomy,
determined by factors including tumour size, tumour site, lymphatic involvement, and clinical stage. The selected
canine samples were collected between 2009 and 2020 and submitted to histological classification according to
the Classification and Grading of Canine Mammary Tumors®*? and Consensus for the Diagnosis, Prognosis
and Treatment of Canine and Feline Mammary Tumours®*-3¢. The selected human samples were collected from
2010 to 2020 a were classified histologically based on the criteria described in the World Health Organization®’.
For correlations between collagen fibre organization parameters, number, waviness and mean fibre length,
collagen density and cell density and patient-specific survival, only data from patients treated with surgery alone
were included. Score 1 was assigned to patients who died from breast cancer and 0 to living patients. Patients
who died for reasons other than mammary cancer were not included.

The canine sample study was performed in view of the fundamental ethical principles under law no. 11.794,
of October 8, 2008 and of decree no. 6.899 of July 2009, and with the rules issued by the National Council for
the Control of Animal Experimentation (CONCEA) and the international Animal Research: Reporting of In
Vivo Experiments (ARRIVE). All experimental protocols were approved by the “Ethics Committee on the Use
of Animals” at UFMG, under number 83/2021.

The research on human tissue sample was previously approved by the “Research Ethics Committee” at UFMG
(COEP-UFMG) under No. 43947521.3.0000.5149/2021. All experiments were carried out in accordance with
the Declaration of Helsinki. As a retrospective study, performed on archive histopathological slides, the need for
informed consent from all subjects and/or their legal guardian(s) was waived by the COEP-UFMG.

Performing immunohistochemistry

Histological sections, measuring 4 pum thick, were prepared for immunohistochemical analysis. A commercial
anti-mouse/anti-rabbit detection kit (Novolink Polymer Detection System, Leica Biosystems, Newcastle Upon
Tyne, United Kingdom, REF RE7158, LOT 6092583), was used following the manufacturer’s instructions.
Antigen retrieval for estrogen receptor (ER), progesterone receptor (PR), Ki67 and HER2 was performed using
steam heat (Pascal’) with citrate pH 6.0 (Invitrogen by Thermo Fisher Scientific, 10X low pH, REF 00-4955-58,
LOT 2410220, Life Technologies’ Corp., 5781 Van Allen Way, Carlsbad, CA92008). The histological sections were
incubated with the corresponding primary antibodies for 1 h in a humid chamber at 4 °C. Primary antibodies
used included ER (Dako Cat# ER-14-0481, RRID: AB_1545347, goat anti-human EP1 receptor, PTGER1
antibody, unconjugated, LOT 11303512, REF IR084, ready-to-use), PR (LSBio LifeSpan Cat# LS-C26712, RRID:
AB_2283822, progesterone receptor (PGR) mouse monoclonal (hPRa2 +hPRa3) antibody, anti-human/mouse/
rat, unconjugated, LOT XI3703736, REF MA512642, 0.4 mg/mL, 1:50), HER2 (Dako Cat# AP7629¢, RRID:
AB_2262284, rabbit anti-human HER2, polyclonal antibody, unconjugated, REF A0485, LOT 00060381, 0.50 g/
mlL, 1:200), and Ki67 (Thermo Fisher Scientific Cat# MA5-31796, RRID: AB_2787419, mouse anti-human MIB1
receptor, 2A7B1 antibody, unconjugated, LOT 20067572, REF M7240, 46 mg/mL, 1:50). Inmunoreactivity was
visualized using 3,3’-diaminobenzidine chromogen (Novolink Polymer Detection System, Leica Biosystems,
Newcastle Upon Tyne, United Kingdom, REF RE7158, LOT 6092583) and counterstained with Mayer’s
haematoxylin. Positive controls for the reactions consisted of fragments of canine and human mammary tissues
positive for HER-2, ER, PR and Ki67. The primary antibody was omitted and chromogen was added to both
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for negative controls. The evaluation of the slides, the quantification of immunoreactive and the classification
of immunophenotypes were carried out in accordance with the World Health Organization* guidelines (for
human samples) and the criteria established by Nunes et al.** (for dog samples). The antibodies used were
standardized in our laboratory routine, and their antigenic specificity was confirmed through our own research
and by reference to others published studies®*-3.

Image acquisition and analyses

The imaging system employed in this study combined SHG and TPEF imaging using a custom setup
comprising an Olympus FV300 confocal scanning laser unit connected to a BX61- upright microscope. The
SHG images allow to extract information from the collagen fibres and the TPEF allows to extract details of
the cell arrangements in the tissue. Details of the image acquisition methodology is described in our previous
publications'”1#3, In brief, we used 140 fs pulses centred at the wavelength of 800 nm. The beam is focused on
the sample microscope slab by a 20X objective with a high numerical aperture (NA=0.9) and the images are
obtained in back scattering geometry. The SHG is measured at 400 nm using a filter with bandwidth of 20 nm
by directing the signal to a non-descanned detector placed just above the objective. The fluorescence signal
from the eosin dye staining the tissue is measured by the standard de-scanned detector of the confocal unit at
the wavelength band of 560 to 600 nm. The transmitted laser image is also collected by the condenser of the
microscope. We measured images at the optimized focus position and at + 1 pm from this position to allow for
noise filtering by the software. The images were acquired for areas of 0.47 X 0.47 mm2. For human samples, 1,200
representative sections of normal human breast tissue (NMTh) and evaluated human histological types were
chosen from H&E-stained slides. For canine samples, 1,304 representative sections of normal mammary tissue
(NMTc) and canine histological types evaluated from sections stained with H&E were defined. In cases where
histological slides included normal mammary regions, images of the 10 most representative areas in human and
canine samples were captured. Regarding neoplastic tissues, 10 to 15 highly representative intratumoural regions
were selected for measurements. SHG and TPEF signals from selected areas were measured for further analyses.
Additionally, brightfield microscopy images of H&E-stained tissue were acquired from the same measured areas
using the Olympus BX41 microscope coupled to the SPOT Insight Color camera for comparative purposes. The
capture software used was SPOT Advanced.

Our quantitative analyses of collagen fibre and cell segment parameters utilized PyFibre, an open-source
software package (Python Fibrous Image Analysis Toolkit), that we specifically designed for automated
segmentation of images into cellular and collagen regions, allowing extraction of pertinent parameters. PyFibre
is openly accessible on GitHub*’. During the analyses process, the integration of SHG and TPEF signals along
with laser transmission data was employed to improve the accurate identification of collagen fibres and cellular
features in the images. This approach utilized the TPEF and SHG signals, in addition to a copy of the laser
transmission data, to better discern collagen fibres and cellular features in the images. Data were extracted and
analysed according to Reis et al.l’, Garcia et al.!® and Gomes et al.*.

Statistical analysis

The Shapiro-Wilk test was employed to assess normality in small sample groups, while the Kolmogorov-Smirnov
test was used for larger sample groups. Due to the non-parametric nature of the data, the Kruskal Wallis test
and the Dunn test were performed for multiple comparisons of the medians between groups. We employed
Spearman’s Correlation Coefficient and linear regression statistical tests to establish correlations between
clinicopathological data of patients and collagen fibre parameters. The cancer-specific survival rate was estimated
using the Kaplan-Meier curve, and the comparisons between groups were performed using the Mantel-Cox log
rank test. To evaluate the independence or association between the categorical variables mean fibre length and
histological grading, clinical staging, cell proliferation and significant molecular subtype between categorical
variables using the chi-square test and Fisher’s Exact Test. The graphs were presented in contingency graphs.
These analyses were performed using Prism (version 8.0, GraphPad, San Diego, CA, United States). A value of
P <0.05 was considered statistically significant for all analyses. The p values less than 0.001 are denoted by (***),
p less than 0.01 are denoted by (**) and p less than (0.05) are denoted by (*).

Results
Details of the analysed samples
Table 1 presents the details of the histological subtypes analysed, number of samples, patient age, clinical staging,
histological grading, molecular subtype and survival information for human breast neoplasms. Table 2 provides
equivalent details for canine mammary neoplasms. The analysis of correlations between collagen fibre parameters
and clinicopathological data did not include Fibroadenoma (Fb) in women and benign mixed tumours (BMT)
in dogs. It should be noted that the canine data presented in this article comprise a different data set from that
used in our previously published works. Importantly, there is no overlap between the samples included in this
study and those analysed in our previous publications!®*!. For this study, we selected more recent cases, ensuring
a more accurate assessment of potential changes in the genetic, environmental, and social conditions of the
animals involved. Additionally, we prioritised cases with comprehensive descriptions of clinical-pathological
data, which allowed us to deepen the analysis of additional prognostic factors. Nonetheless, due to the low
occurrence of carcinosarcomas in clinical practice, we used some of the same carcinosarcoma cases described
in our previous publication'®. However, all the other cases selected are new, and the analyses performed in this
work are original, providing new insights into tumour progression.

The women were followed up for a minimum of 05 years and a maximum of 10 years. At the conclusion of the
study, we completed the follow-up of 43 patients. Of these, 06 women had died and 37 were still alive. Follow-up
was not possible for 11 patients. The distribution of women based on clinical staging was as follows: 04 women

Scientific Reports |

(2024) 14:28846 | https://doi.org/10.1038/s41598-024-79854-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

..uOuQmum.H [euowrIioy =yYH
“Pajen[ead jJou=yN "sased Jo qunu = N ‘(DINI) rwoutored Arefidedoidrw satseaut ([IISD]) BWOUIDIRD SAISBAUT []] 9PRI3 ([8D]) BWOUIDIRD dAISBAUL | 9PRIS (D L) BWOUDIRD Jenqn) (q)
BWOUIPLOIQL] 'SI9OBIq UT UOTJRIAID PIEPUEIS U} [JIM SIN[BA UBIWI [} ATe BJEP d[} eAIAINS Y} pue a3e o) 104 ‘swse[doou Arewrurewr uewny jo sainjedj [esrdofoyiedootur)) ‘I d[qer,

- 4 6 €T (44 €T 8 €T € (44 € 4t 91 - 0L eloL
S'6S 0 9 8 € [4 8 € 0 6 1 € ¥ €S LT ONI
6L € 4 (41 (4 1¥4 0 0 [4 0T [4 [4 S 965 1c 11801
€98 0 0 € €l 0 0 91 1 € 0 L S 7’89 91 1801
099 0 0 0 14 0 0 14 0 0 0 4 4 1L 4 oL

VN VN VN VN VN VN VN VN VN VN VN VN VN (443 (4t Q

nature portfolio

| https://doi.org/10.1038/s41598-024-79854-6

(2024) 14:28846

Scientific Reports |


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

"pajen[eAd Jou = YN "$3sed Jo Jaqunu = N ‘(DS) BUWOUIDIEd PI[OS {(SD) BWIOdIBSOUTIED (DIN]) PruoumdIed Areidedootur sAIseAur {(DJA) BIWOUIDILd PaxXTWI (T JAT)
INOWN] PaXTI USTuag 's}oxoeIq Ul UOTIBIASD PIEPUL)S ) [IIM SIN[eA UBIW 1) AT BIep I} TeATAINS 37} pue aFe o) 104 ‘swse[doau LIewrurenr suTued Jo sarnjed) fesrdojoyredoorury) -z 3[qel,

- 9 < 6T 61 €T Ic ST 9 61 141 8 (4t - VL eloL
S'6LT 1 [4 LT € 1T 01 (4 T 6 4 14 S 81T €T oS
6'€6C S € L 1 S 6 [4 € 01 [4 ! 0 801 91 ONI
8'1z¢e 0 0 14 [4 9 0 0 4 0 4 0 0 S8 9 SO

(451981 0 0 1 €1 ! [4 11 0 0 4 € L 11 i O
VN VN VN VN VN VN VN VN VN VN VN VN VN 0t ST LING

nature portfolio

| https://doi.org/10.1038/s41598-024-79854-6

(2024) 14:28846

Scientific Reports |


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

with TC (02 alive, 02 not followed up), 16 women with ICgI (01 died, 14 alive, 01 not followed up), 21 women
with ICgIII (18 alive, 03 not followed up), and 17 women with IMC (05 died, 09 alive, 03 not followed up). All
patients had complete information on clinical staging.

The female dogs were followed up for a minimum of 02 years and a maximum of 05 years. At the conclusion of
the study, we completed the follow-up of 55 bitches. Of these, 46 patients had died and 09 were still alive. Follow-
up was not possible for 04. The distribution of patients based on clinical staging was as follows: 14 patients with
MC (07 died, 07 alive), 16 with IMC (14 died, 02 not followed up), 06 with CS (all died), and 23 with SC (19 died,
02 alive, 02 not followed up). Three patients with IMC did not have complete information to define the clinical
staging. Women with Fb and dogs with BMT were not followed up.

Images and extract parameters

Figure 1 present representative images of the human histological sections studied to illustrate the imaging
procedure. The histological types in the columns are indicated as NMTh (Fig. 1A, E,Iand M), Fb (1B,1 E 1]
and 1 N), ICgI (1 C, 1G, 1 Kand 10) and IMC (1D, 1 H, 1 L, 1P) for the normal mammary gland, fibroadenoma,
grade I invasive carcinoma and invasive micropapillary carcinoma, respectively. The fourth row presents images
of individual fibres, displayed in varying colours, extracted using our image analysis methodology (1M-1P). The
SHG signal is from the collagen fibres, that are non-centrosymmetric fibres, and the TPEF signal corresponds
to the fluorescence emission of the dye eosin. The SHG and TPEF represent false colour representations of
normalized intensity maps to accentuate various features. Comparing the two images allows to segment the
tissue into collagen and cellular regions, and thus extract quantitative parameters. The images of the extracted
collagen fibres are presented in Fig. 1M and N 10 1P. For the canine samples, the methodology for acquiring the
images and extracting the parameters has already been thoroughly exemplified in previous articles'”!8*. More
details about measurements and image analyses can be found in the ‘Materials and Methods’ section.

Human mammary tissue (NNMTh, Fig. 1) is composed of lobes, ducts, and an interconnected network of
connective tissue (indicated by the asterisk in Fig. 1A). connective tissue, abundant collagen fibres are found
surrounding the parenchyma, which exhibit different orientations within the breast tissue (Fig. 1E). In benign
neoplasms of the mammary gland, such as fibroadenoma (Fb) in women (Fig. 1B), and also benign mixed
tumours (BMT) in dogs, an abundance of collagen fibres is visible in the adjacent connective tissue, exhibiting
a pattern of diverse orientation similar to that of NNMTh (Fig. 1F) and NMTc. However, in grade I invasive
carcinoma (ICgl) and invasive micropapillary carcinoma (IMC), there is a reduction in collagen density and
collagen fibres are organized in a preferential direction (Fig. 1G, H, O and P). ICgI has a favourable prognosis,
while IMC is associated with an unfavourable prognosis*!*>%. Mixed carcinomas (MC) originates from the
malignant transformation of benign mixed tumours, presenting a complex histological pattern and favourable
prognosis®! 364243 On the other hand, carcinosarcoma (CS) is characterized by the coexistence of malignant
epithelial and mesenchymal components, presenting an extremely aggressive biological behaviour, with a high
incidence of metastases to regional lymph nodes and lower overall survival?*213+3¢, In IMC and SC, decrease
in collagen density and an increased alignment of collagen fibres in the surrounding connective tissue are also
noticeable.

Our image analysis and fibre and cell extraction procedures allowed the quantification of many of these
microscopic features described. Collagen fibre organization parameters (fibre segment SHG coherence), number
of collagen fibres (no. fibres), mean fibre length, collagen density (fibre segment coverage) and cell density (cell
segment coverage) for all histological types of human and canine mammary neoplasms and for NMTh and
NMTc that are presented in Fig. 2.

Carcinomas present aligned fibres, lower fibre density and higher cell density

The collagen fibre organization parameter assesses the degree of alignment of collagen fibres within the tissue,
with values spanning from zero (indicating a random arrangement) to one (indicating highly oriented and aligned
fibres along a specific direction). As depicted in Fig. 2A human mammary carcinomas exhibit a greater degree
of collagen fibre alignment when compared to NMTh. Canine neoplastic tissues exhibit the same behaviour (see
Supplementary Fig. S1). These results clearly delineate a distinction between normal and carcinomatous tissue
in both species.

Figure 2B show the waviness of the collagen fibres for human mammary tissues. This parameter evaluates
the straightness of the collagen fibres extracted from the stromal regions, where 1 means perfectly linear fibres
and 0 means perfectly wavy fibres. In human mammary tissues, carcinomas present more linear fibres compared
to NBTh and Fb. In canine mammary tissue (see Supplementary Fig. S1), it was not possible to verify this same
behaviour. We observed that none of the histological types present statistically significant differences with NBTc.
SC has more linear collagen fibres compared to BMT and ICM, and CS has more linear fibres compared to BMT
and IMC.

The number of collagen fibres, the fibre coverage area and the cell coverage area determine the collagen
density and cell density in the measured regions. These are important parameters to evaluate changes related
to the stromal and epithelial components of human (Fig. 2C and E) and canine (see Supplementary Fig. S1)
mammary carcinomas. Figure 2C and D show that the number of collagen fibres and the area covered by fibres
decrease in carcinomas compared to NMTh and neoplastic tissues benign. Comparatively, Fig. 2E show that
carcinomas present a larger area covered by cells compared to NMTh and benign neoplastic tissues. We observed
similar behaviour in the canine species (see Supplementary Fig. S1), however we did not observe significant
differences in the number of collagen fibres, area covered by fibres and area covered by cells between CS with
NMTc and BMT.

Furthermore, the collagen fibre length is an important parameter for evaluating the stromal changes that
occur in neoplastic mammary tissues!%4%, Figure 2 F show that the mean fibre length is different between
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TPEF SHG

Fibre extraction

Fig. 1. Acquired images (20X objective). The optical microscopy H&E (A-D), second harmonic generation
microscopy (E-H), two-photon excited fluorescence microscopy (I-L) and the extracted collagen fibres with
each fibre in a random colour (M-P) for the human normal mammary tissue (A, E, I and M), fibroadenoma
(B, F,J and N), grade I invasive carcinoma (C, G, K and O) and invasive micropapillary carcinoma (D, H, L
and P). Asterisk HE: stroma. HE arrowhead: epithelial cells. The scale bar is 100 um.

the histological types in humans. Carcinomas with favourable prognosis (TC and ICgI) present a higher mean
fibre length as compared to carcinomas with unfavourable prognosis (ICgIII and IMC). In canine mammary
carcinomas, we identified the same behaviour (see Supplementary Fig. S1 online). Carcinoma with favourable
prognosis (MC) presents the highest average fibre length as compared to carcinomas with reserved to
unfavourable prognosis (CS, IMC and SC).

More aggressive carcinomas present lower fibre density, higher cell density and shorter
collagen fibres

To evaluate the influence of the tumour stroma on the behaviour of human and canine mammary carcinomas, we
verified whether the density of collagen fibres, cell density and fibre length correlate with the clinicopathological
data. Inmunohistochemistry was performed on a sample of 58 human and 59 canine mammary tissue samples,
all diagnosed with mammary carcinoma. Figure 3 shows these correlations. Here, the increased aggressiveness
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Fig. 2. Parameters of the human mammary gland analysed by second harmonic generation and two-photon
excited fluorescence techniques. Kruskal Wallis test and the Dunn test. Boxplot graphics showing the
calculated parameters for the fibre segment SHG coherence, mean fibre waviness, mean fibre length, number of
fibres, fibre segment coverage and cell segment coverage for human normal mammary tissue (NMTh, n=20),
fibroadenoma (Fb, n=12), tubular carcinoma (TC, n=04), invasive carcinoma grade I (ICgI, n=16), invasive
carcinoma grade III (ICgIII, n=21), invasive micropapillary carcinoma (IMC, #=17) in human samples
(n=90). The centre lines show the medians, the box limits indicate the 25th and 75th percentiles, the whiskers
extend 1.5 times the interquartile range from the 25th and 75th percentiles and the outliers are represented by
dots. The p values less than 0.001 denoted by (***), p less than 0.01 are denoted by (**) and p less than (0.05)
are denoted by (*).

of carcinomas was associated with cases that presented the following characteristics: higher histological grade,
larger probability of developing local and/or distant metastases, higher rate of cellular proliferation and larger
probability of presenting molecular expressions of the “triple-negative” and “Her2 overexpressed”. For the
correlations, the cell proliferation rate was obtained from the Ki67 count and the molecular subtype of human
and canine mammary carcinomas were categorized as follows: 1 for luminal A (positive hormone receptors,
negative HER-2 and proliferative rate less than 20%), 2 for luminal B (positive hormone receptors, negative
HER-2 and proliferative rate greater than 20%), 3 for HER-2 positive (positive or negative hormone receptors
and positive HER-2 independent of the proliferative rate) and 4 for triple negative (negative hormone receptors,
negative HER2 regardless of proliferative rate).

We note that the mean fibre length inversely correlates with histological grade (Fig. 3A and B), clinical staging
(Fig. 3C and D), cell proliferation (Fig. 3E and F) and molecular subtype (Fig. 3G and H) in women and dogs.
Here, we show data correlating the increased tumour aggressiveness with the smaller collagen mean fibre length.
It is important to note that while human molecular subtypes have been adapted for use in canine mammary
carcinomas, their prognostic value in dogs remains controversial, particularly for HER2 overexpression.
Conflicting results in the literature have made it difficult to establish a consistent correlation between HER2
status and clinical outcome in dogs. Despite this limitation, we found that mean fibre length inversely correlates
with histological grade (Fig. 3A and B), clinical staging (Fig. 3C and D), cell proliferation (Fig. 3E and F) and
molecular subtype (Fig. 3G and H) in both women and dogs. Here, we show data correlating the increased
tumour aggressiveness with the smaller collagen mean fibre length.
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Fig. 3. Correlation between clinicopathological parameters and mean fibre length in women and dogs.
Spearman’s correlation between histological grading and mean fibre length in women (A, n=>58) and dogs (B,
n=>59). Spearman’ correlation between clinical standing and mean fibre length in women (C, #=58) and dogs
(D, n=59). Linear regression between cell proliferation and mean fibre length in women (E, n=58) and dogs
(F, n=>59). Spearman correlation between molecular subtype and mean fibre length in women (G, n=58) and
dogs (H, n=59).
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To determine the influence of mean fibre length on patient survival, we established a cut-off point disregarding
histological subtype, histological grade, clinical staging, cell proliferation rate and molecular subtype. For this,
the data were organized in ascending order and the median fibre length value was calculated. Therefore, the value
27 um was determined as the cut-off point, categorizing patients into two groups based on this cut-off point.
Those diagnosed with carcinomas with fibres smaller than 27 um were grouped in the first category, while those
with carcinomas with collagen fibres larger than 27 um were grouped in the second category. We assigned 0 to
patients alive at the end of the study and 1 to patients who died from mammary carcinoma. For those diagnosed
with carcinomas with collagen fibres larger than 27 um (represented by the red line), the average survival was
150 days. On the other hand, patients with carcinomas with fibres larger than 27 um (shown by the blue line) had
a median survival of 849 days. Notably, more aggressive carcinomas with an unfavourable prognosis had shorter
collagen fibres compared to less aggressive carcinomas with a favourable prognosis. In Fig. 4A, we show survival
curves for dogs. We extend this method to define cut-off points for SHG coherence, mean fibre waviness, number
of fibres, fibre segment coverage, and cell segment coverage. However, no significant correlations were observed
between these metrics and dog-specific survival. These findings support the data from our current study and are
in line with our previously published work!8. It should be noted that the canine dataset examined in this study
differs from our previous assessment.

In humans, it was not possible to establish a specific survival curve for cancer using the same methodology
as used for dogs. This is because approximately 85% of the patients in the study are alive and still under medical
supervision. Thus, the median survival was not reached in any of the stratified groups, making it impossible
to carry out and evaluate the analysis. However, to demonstrate the clinical importance of these findings for
breast oncology, we established an association between the mean fibre length and clinicopathological data® that
directly influence patient survival. For this analysis, the same cut-off point defined for the analysis of the dog’s
survival curve (Fig. 4A) was considered. Using the cut-off point of 27 pm, women and dogs were stratified into
two groups: those diagnosed with carcinomas with collagen fibres smaller than 27 um were categorized into the
first group, while those diagnosed with carcinomas with collagen fibres larger than 27 um were grouped into the
second group (Fig. 4B and I). To verify the association or independence between the mean fibre length and the
clinicopathological data, we performed an analysis using the Fisher’s Exact Test and the chi-square test. The data
indicate that a higher proliferative rate, higher histological grade, presence of local and/or distant metastases and
the “triple negative” and “Her2 overexpressed” molecular subtypes are associated with carcinomas with collagen
fibres smaller than 27 pm in women (Fig. 4B, D, F and H) and dogs (Fig. 4C, E, G and I). Finally, we observed
that collagen density presents an inverse correlation with histological grade (Fig. 5A and B), cell proliferation
rate (Fig. 5C and D) and molecular subtype (Fig. 5E) in human breast carcinomas. Cell density has a direct
correlation with molecular subtype (Fig. 5F). The same correlations were established for dogs, but no statistically
significant correlations were obtained.

Discussion

Numerous studies indicate that collagen plays a key role in the tumour micro-environment, playing a critical
role in the regulation of neoplastic growth and tumour cell dissemination, due to its ability to provide physical,
biochemical, and biomechanical guidance for tumour and non-tumour cells'®*-5!, Tumours can actively
remodel the surrounding extracellular matrix. Type 1 and type 3 collagen fibres, when aligned, increase the
stiffness of the extracellular matrix and this predicts worse outcomes®®>” and the expression of COL11A1
may have a potential role in the aggressiveness of carcinoma in situ in women through collagen remodelling
and regulation of the cellular stimulation mechanism’. Recent studies have described that this stiffness of the
extracellular matrix is fundamental in the process of cell migration, invasion, and metastasis of tumour cel
1s18:44-49.51-65 Here, we demonstrated that in human and canine mammary carcinomas, collagen fibres orient
themselves in a preferential direction, becoming more organized.

In human mammary carcinomas, we observed that collagen fibres are more linear compared to NMTh and
Fb. We did not observe this behaviour in canine mammary carcinomas. The composition of carcinomas in mixed
tumours and carcinosarcomas may explain this difference. As previously stated, the MC arises from epithelial
malignant transformation into benign mixed tumours®*>*3, It has components of malignant epithelial origin
and normal or benign mesenchymal components. CS are characterized by malignant components of epithelial
and mesenchymal origin, leading to intense proliferation of the extracellular matrix. MC and CS exhibit a
complex histological pattern33>343¢ Thus, we noticed that canine mammary carcinomas exhibit significant
heterogeneity in their composition, unlike mammary carcinomas in women, which exhibit homogeneity in
epithelial and mesenchymal components. Despite exhibiting distinct features, we selected these tumours for our
study because they commonly affect the female dogs, as we aim to understand the behaviour of these carcinomas
in regard to the more common breast carcinomas in women.

The larger organization and alignment of collagen fibres in the tumour and peritumoural areas collected in
the evaluated samples makes the stroma more rigid. We believe that this increased alignment and linearity of
collagen fibres in carcinomas is associated with extracellular matrix remodelling and increased stromal stiffness.
The rigid extracellular stroma, which surrounds neoplastic cells, may offer a durotactic escape route from the
potentially hypoxic and necrotic environment for tumour cells. Inhospitable conditions can induce an innate
mechanical sensitivity to direct cancer cells to an environment where conditions are more favourable!”%.
The study by Toss et al., 2019! and Sprague et al., 2021% showed that the deposition and reorganization of
collagen around breast carcinoma in situ plays a role in tumour progression and recurrence. The larger linearity
of collagen fibres was associated with an increased risk of breast cancer recurrence in these women. Several
studies show that the stiffness of the extracellular matrix and the high contractility of tumour cells severely
disturb tumoural homeostasis. Matrix remodelling and cross-linking stiffens the extracellular matrix as positive
feedback to further stiffen, remodel and reorient the matrix. In a transformed epithelium, increased cell tension
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Fig. 4. Survival curve for dogs and association between clinicopathological parameters and mean fibre length
in women and dogs. Kaplan-Meier curve showing the separation of cases by mean fibre length in dogs; red line
for fibre length <27 um and blue line for fibre length > 27. (A, n=59). Contingency plots presenting data from
chi-square analysis (D, E, H ad I) and Fisher’s exact test (B, C, F and G) to evaluate the association between
clinicopathological data and the mean fibre length categorized in women and dogs. The clinicopathological
data are presented on the x-axis, the absolute frequency (n) on the y-axis and the proportion in percentage at
the end of each bar. Association between cell proliferation rate (B, n=>58), histological grade (D, n=58), local
or metastatic disease (F, n=>58), molecular subtype (H, n=>58) and mean fibre length categorized by the 27 um
cut-off point in women. Association between cell proliferation rate (C, n=>58), histological grade (E, n=>58),
presence or absence of metastatic disease (G, n=58) and molecular subtype (I, n=58) and mean fibre length
categorized by the cut-off point 27 um in dogs. Error bar not included because it is the evaluation of categorical
data.
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Fig. 5. Correlation between clinicopathological parameters and metrics extracted by second harmonic
generation and two-photon fluorescence techniques in women. Spearman’s correlation between the number
of fibres (A, n=58), fibre segment coverage (B, n=>58), cell segment coverage (C, n=>58) and histological
grading. Spearman’s correlation between fibre segment coverage (G, n=>58) and cell segment coverage (H,
n=>58) and molecular subtype. Linear regression between the fibre segment coverage (D, n=>58), number of
fibres (E, n=>58) and cell segment coverage (F, n=58) and cell proliferation rate.

stimulates cell growth, disturbs cell-cell adhesion, compromises tissue polarity, and promotes stromal invasion
by tumour cells®®-7°.

We observed that in human and canine mammary carcinomas there is an exacerbated growth of epithelial
components contributing to the loss of balance between stromal and parenchymal components. Therefore, the
tumours present lower density of collagen fibres and higher cell density. CS does not follow this growth pattern
because it has malignant epithelial and mesenchymal components. Thus, a malignant mesenchymal component
induces exaggerated deposition of stromal components®'. We therefore observed higher stromal density and
lower cell density compared to other canine mammary carcinomas. In Fb, we observed higher collagen density
and lower cell density compared to other histological types and NMT in humans, since the deposition of stromal
elements is increased in this tumour®.

Correlating the parameters, number of fibres, area covered by fibres and area covered by cells with the
histological grade, TNM, cell proliferation rate and molecular subtype, we observed that the most aggressive
human mammary carcinomas®? present lower density of collagen fibres and higher cell density (Fig. 3). Maller
et al., 2013”! showed that the abundance of collagen in the extracellular matrix of pregnant rats was associated
with reduced tumour growth and invasion compared to the tumour micro-environment of nulliparous rats.
Using methods including second harmonic generation imaging, the authors showed that the abundant collagen
in the mammary glands of pregnant rats is less linearised and that high-density collagen induces tumour
suppressive attributes®. Other authors have also shown that the decrease in collagen density and increase in
fibre organization is correlated with more aggressive tumour behaviour®¢2.

Another important characteristic of collagen fibres that stood out was the identification that shorter collagen
fibres are associated with an unfavourable prognosis (Figs. 2F, 3A, F, A and F and 4B, [, B and I). In addition, we
demonstrated that canine mammary carcinomas with shorter collagen fibres are associated with lower patient
survival (Fig. 4A). Unlike women, most dogs diagnosed with mammary carcinoma are treated exclusively with
surgery, without the use of chemotherapy. This fact is important to allow the study of progression of spontaneous
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breast carcinomas, without the interference of chemotherapy drugs that impact the growth and development
of neoplasms. Furthermore, studying mammary carcinomas in dogs avoids the bias associated with induced
experimental models that are carried out within controlled environments. Thus, a comparative study using dogs
as a model provides accurate data on patient survival and the behaviour of mammary carcinomas in a short
period of time, since these tumours progress more quickly compared to tumours in women.

Although we were unable to plot survival curves for women, we established correlations between the number
of collagen fibres, collagen fibre density, and cell density with clinicopathological data that are known to play
a crucial role in patients’ survival®2. Similarly, to what occurs in the canine species, we observed that a lower
number and density of fibres, a higher cell density, and shorter collagen fibres are associated with carcinomas
with an unfavourable prognosis. These are important findings. It can be hypothesized that this behaviour is
related to the stromal changes that occur during tumour progression, as shown in our previous work!®. TC and
ICgl in humans and MTC in dogs are carcinomas that present well-defined tubular structures, differentiated
cells, low mitotic rate and low cellular and nuclear pleomorphism. The stromal component is preserved and
the rate of epithelial proliferation is low. These characteristics are associated with local growth, low probability
of local and/or distant metastases and favourable prognosis®~*%. In contrast, ICglII and IMC in humans and
CS, IMC and SC in dogs present expansive growth, undifferentiated cells, high mitotic rate and high cellular
and nuclear pleomorphism. The stromal component is replaced by epithelial growth because the proliferation
rate of these components is high. CS does not present this behaviour because the mesenchymal component is
also malignant, making it more aggressive. Thus, these carcinomas are commonly associated with local and/or
distant metastases and with an unfavourable prognosis®!-235.

We believe that in carcinomas with a favourable prognosis and low proliferative rate, collagen fibres are larger
because they limit neoplastic growth. However, in carcinomas with an unfavourable prognosis, with loss of
cellular differentiation and a high proliferative rate, the collagen fibres are unable to limit this growth, and thus
they rupture, allowing the tumour to expand. In this way, the fibres become fragmented and shorter compared
to the fibres of carcinomas with less aggressive behaviour. Furthermore, we believe that this “shortening” of
collagen fibres is associated with remodelling of the extracellular matrix to guide the metastatic invasion of
tumour cells (Fig. 6). Studies show that while collagen can potentially form a protective barrier and prevent
cancer cells from escaping their original location, collagen fibres also serve as a “highway” that facilitates the
migration of cancer cells to remote locations, impacting survival of patients”*!¢62-75,

Conclusions

In conclusion, our study revealed similarities in collagen changes between human and canine mammary
neoplasms, showing the association of these changes with clinicopathological factors in both species. Employing
second harmonic generation, two-photon excited fluorescence techniques, and automated image analysis, we
identified similar changes in the tumour stroma of human and canine mammary neoplasms. We observed that
human and canine mammary carcinomas present more organized fibres. Carcinomas with higher histological
grade, higher cell proliferation rate, with local and/or distant metastasis and molecular classifications of triple
negative type and overexpressed Her2 present lower collagen density and higher cell density. We have also

A- Normal duct B- Carcinomas with C- Carcinomas with
favourable prognosis unfavourable prognosis

Y

\ )
Nt
Normal mammary duct Malignant epithelial cells Collag larization
Epithelial/myoepithelial cells and basament membrane

Fig. 6. Carcinomas with an unfavourable prognosis present shorter fibre. Mammary carcinomas present

more organized fibres (B and C) compared to normal mammary tissue (A). Carcinomas with a favourable
prognosis and low proliferative rate present longer collagen fibres, capable of limiting neoplastic growth (B). In
carcinomas with an unfavourable prognosis and high proliferative rates, collagen fibres are shorter and unable
to limit this growth, allowing tumour expansion (C). This “shortening” of collagen fibres may be associated
with remodelling of the tumour stroma that creates rigid pathways to help cancer cells escape necrotic and
hypoxic environments. Thus, the fibres become capable of guiding tumour cells towards locations with greater
vascularization (C). Created by BioRender.
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established a relation between the collagen fibre length and clinicopathological characteristics in women and
dogs with mammary carcinomas, showing significant associations between shorter fibres and unfavourable
clinical characteristics. Furthermore, we established a cut-off for the mean fibre length and specific survival
time in dogs. The correlation between collagen modifications and clinicopathological factors may also have
implications for diagnosis, prognosis, and the development of targeted therapies. Thus, the use of nonlinear
microscopy provides new tools for assessing collagen in breast cancer.
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