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RESUMO

A identificacdo das alteracdes nos componentes do microambiente tumoral em neoplasias
mamarias ¢ fundamental para compreender os mecanismos que influenciam os diferentes
comportamentos dos carcinomas mamarios e contribuir para um diagnostico mais preciso.
Apesar dos avangos no entendimento do cancer de mama, ainda existe uma lacuna significativa
no conhecimento sobre como as interagdes entre o coldgeno e os macrdéfagos associados ao
tumor influenciam a progressao tumoral e o prognostico. Trata-se de um estudo retrospectivo
de 19 amostras de glandula mamaria normal, 12 amostras de fibroadenoma, 04 amostras de
carcinoma tubular, 16 amostras de carcinoma invasor grau I, 21 amostras de carcinoma invasor
grau Il e 17 amostras de carcinoma micropapilar invasor na espécie humana e 20 amostras de
glandula mamaria normal, 15 amostras de tumor misto benigno, 14 amostras de carcinoma em
tumor misto, 06 casos de carcinossarcoma, 16 amostras de carcinoma micropapilar invasor e
23 casos de carcinomas de arranjo solido na espécie canina. Foram avaliadas laminas coradas
com eosina ¢ hematoxilina de 15 areas representativas em cada amostra. Imagens por geracao
de segundo harmonico e microscopia de fluorescéncia excitada por dois fotons foram realizadas
para avaliar os parametros de colageno e segmento celular. Os resultados indicam que nos
carcinomas mamarios humanos e caninos, as fibras colagenas estdo mais alinhadas em relagao
ao tecido normal. Nos carcinomas, o numero de fibras e a 4rea coberta por elas sdo maiores,
enquanto a area coberta por células ¢ menor, em comparagdo ao tecido normal, tanto em
tumores humanos quanto caninos. No carcinoma mamario humano, as fibras colagenas sdo mais
lineares em comparagdo com o tecido normal. Além disso, os carcinomas com progndstico
desfavoravel possuem fibras coldgenas mais curtas e os pardmetros de colageno se
correlacionam com os dados clinicos e patologicos nas espécies humana e canina. Ha uma clara
associagdo entre o comprimento médio das fibras com os tempos de sobrevida global em caes,
em que pacientes diagnosticados com carcinomas com fibras colagenas mais curtas t€ém pior
sobrevida. Nossos achados demonstraram uma correlagdo significativa entre os parametros do
colageno e os dados clinicos e patologicos nas espécies humana e canina. Identificamos uma
associacao clara entre o comprimento médio das fibras colagenas e o tempo de sobrevida global
em caes, evidenciando que pacientes diagnosticados com carcinomas exibindo fibras colagenas
mais curtas apresentam um pior prognostico. O estudo também revelou que os macrofagos
associados ao tumor (TAMs) infiltrados em carcinomas com prognostico favoravel (como o
carcinoma tubular e o carcinoma invasor grau I em humanos, e o carcinoma em tumor misto
em cdes) expressam simultaneamente marcadores dos tipos M1 e M2, demonstrando a
plasticidade dessas células. Em contraste, os TAMs presentes em carcinomas com progndstico
desfavoravel (como o carcinoma invasor grau III e o carcinoma micropapilar invasor em
humanos, e o carcinossarcoma, carcinoma micropapilar invasor e carcinoma com arranjo s6lido
em cdes) apresentam um perfil predominantemente do tipo M2-like. As descobertas ressaltam
a importancia da interacdo entre as fibras coldgenas e TAMs na progressdo do cancer de mama
€ sugerem que atingir essa interacao pode representar uma nova abordagem terapéutica. Neste
trabalho, demonstrou-se que a espécie canina ¢ um bom modelo de estudo para avaliar as
alteracOes estromais em tecidos mamadrios neoplasicos humanos. Nossos resultados expandem
o entendimento das alteragdes estromais em carcinomas mamarios, tanto em humanos quanto
em caes, corroborando com o uso dos modelos comparativos para a investigacao das
caracteristicas tumorais, potencialmente influenciando futuras abordagens em pesquisa
oncologica.

Palavras-chave: arquitetura do coldgeno; organizacdo do coldgeno; cancer de mama;
remodelacdo da matriz extracelular; microambiente tumoral; macréfagos associados a tumor.



ABSTRACT

The identification of alterations in the components of the tumor microenvironment in mammary
neoplasms is essential for understanding the mechanisms that influence the different behaviors
of mammary carcinomas and contribute to more accurate diagnoses. Despite advances in the
understanding of breast cancer, there remains a significant gap in knowledge regarding how the
interactions between collagen and tumor-associated macrophages (TAMs) influence tumor
progression and prognosis. This is a retrospective study of 19 normal mammary gland samples,
12 fibroadenoma samples, 4 tubular carcinoma samples, 16 grade I invasive carcinoma samples,
21 grade III invasive carcinoma samples, and 17 invasive micropapillary carcinoma samples in
humans, as well as 20 normal mammary gland samples, 15 benign mixed tumor samples, 14
carcinoma in mixed tumor samples, 6 cases of carcinosarcoma, 16 invasive micropapillary
carcinoma samples, and 23 cases of solid arrangement carcinomas in dogs. Hematoxylin and
eosin-stained slides of 15 representative areas from each sample were evaluated. Second
harmonic generation and two-photon excited fluorescence microscopy images were used to
assess collagen parameters and cell segment. The results indicate that in both human and canine
mammary carcinomas, collagen fibers are more aligned compared to normal tissue. In
carcinomas, the number of fibers and the area covered by them are greater, while the area
covered by cells is smaller, compared to normal tissue, in both human and canine tumors. In
human breast carcinoma, collagen fibers are more linear compared to normal tissue.
Additionally, carcinomas with poor prognosis have shorter collagen fibers, and collagen
parameters correlate with clinical and pathological data in both human and canine species.
There is a clear association between the average fiber length and overall survival times in dogs,
where patients diagnosed with carcinomas exhibiting shorter collagen fibers have poorer
survival. Our findings demonstrated a significant correlation between collagen parameters and
clinical and pathological data in both human and canine species. We identified a clear
association between the average collagen fiber length and overall survival time in dogs,
showing that patients diagnosed with carcinomas displaying shorter collagen fibers have a
worse prognosis. The study also revealed that tumor-associated macrophages (TAMs)
infiltrating carcinomas with favorable prognosis (such as tubular carcinoma and grade I
invasive carcinoma in humans, and carcinoma in mixed tumor in dogs) simultaneously express
both M1 and M2 markers, demonstrating the plasticity of these cells. In contrast, TAMs present
in carcinomas with poor prognosis (such as grade IIl invasive carcinoma and invasive
micropapillary carcinoma in humans, and carcinosarcoma, invasive micropapillary carcinoma,
and solid arrangement carcinoma in dogs) exhibit a predominantly M2-like profile. These
findings highlight the importance of the interaction between collagen fibers and TAMs in breast
cancer progression and suggest that targeting this interaction may represent a new therapeutic
approach. This work demonstrates that the canine species is a good model for studying stromal
changes in human neoplastic mammary tissues. Our results expand the understanding of stromal
changes in mammary carcinomas in both humans and dogs, supporting the use of comparative
models to investigate tumor characteristics, potentially influencing future approaches in cancer
research.

Key-words: collagen architecture; collagen organization; breast cancer; extracellular matrix
remodelling; tumour microenvironment; tumour-associated macrophages
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1. INTRODUCAO

O cancer de mama € a neoplasia maligna mais comum entre mulheres em todo o mundo,
motivando extensos estudos sobre prevencdo e diagndstico precoce para reduzir a
morbimortalidade associada a essa condicdo (Toribio et al., 2012). Na Medicina Veterindria,
essa neoplasia também desperta grande interesse devido a elevada prevaléncia de tumores
malignos em cadelas, que frequentemente resulta em diagnéstico tardio, comprometendo o
tratamento e reduzindo a taxa de sobrevida dos animais (Cavalcanti & Cassali, 2006; Andrade
et al., 2010; Estrela-Lima, 2010). Notavelmente, as neoplasias mamarias em cadelas e em
mulheres compartilham similaridades epidemioldgicas, clinicas, bioldgicas e genéticas,
permitindo o uso da cadela como um modelo comparativo experimental relevante (Cassali,
2000; Cassali, 2002; Misdorp, 2002; Uva et al., 2009; Rivera & Von Euler, 2011; Markkanen,
2019).

O microambiente tumoral (MAT), composto por uma complexa interagdo de células
nao tumorais, como fibroblastos, macréfagos, células imunes, células vasculares e adipdcitos,
juntamente com a matriz extracelular (MEC), é fundamental tanto na iniciagdo quanto na
progressao de diversas neoplasias, incluindo o cancer de mama (Pollard, 2010; Markkanen,
2019). Cada um desses componentes exerce influéncias especificas no comportamento das
células tumorais, modulando processos como a proliferacdo, a invasdo e a resposta ao
tratamento. Entre esses componentes, os macroéfagos associados a tumor (MATS)
desempenham um papel especialmente crucial. Estes macrdfagos, particularmente na forma
polarizada M2, sdo prevalentes no MAT e estdo fortemente associados a progndsticos
desfavordveis. Eles promovem a progressio tumoral através da secrecdo de fatores de
crescimento e pré-angiogénicos, contribuindo para a formagdo do estroma e a angiogénese,
além de suprimirem a resposta imunoldgica antitumoral (Gyorki & Lindeman, 2008; Mantovani
& Sica, 2010; Mahmoud et al., 2012). A presenca de MATSs esta correlacionada a piores
progndsticos em diversos tipos de cancer, incluindo o cancer de mama em humanos (Ueno et
al., 2000; Wyckoff et al., 2004; Goswami et al., 2005; Qiu et al., 2018; Munir et al., 2021; Xiao
et al., 2021; Xu et al., 2021) e caninos (Monteiro et al., 2018).

Estudos clinicos e pré-clinicos tém ligado os MAT a iniciagdo, desenvolvimento e
metastase em neoplasias mamadrias (Krol et al., 2011; Raposo et al., 2014; SchmiedeR et al.,
2012). A expressao de marcadores de transi¢ao epitelial-mesenquimal (EMT) e a presenga de

macrofagos M2 no MAT sugerem um papel ativo dessas células na progressao do cancer
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(Monteiro et al., 2018; Zhu et al., 2019; Jiang & Zhan, 2020; Orecchioni et al., 2019; DeNardo
& Ruffell, 2019; Locati & Mantovani, 2020). Por isso, torna-se crucial investigar se as
alteragdes ocorridas nas fibras colagenas durante a progressao de neoplasias mamarias t€ém
correlagdo com o aumento da expressdo de MATs. Essa investigagdo pode fornecer insights
valiosos para novas abordagens terapéuticas, visando o desenvolvimento de terapias
direcionadas que interrompam essa interagao e, consequentemente, a progressao tumoral, tanto
em oncologia humana quanto veterinaria.

Além dos macrofagos, a MEC também desempenha um papel central na progressao
tumoral. O coldgeno, um dos componentes principais da MEC, tem uma func¢ao particularmente
significativa no desenvolvimento de metdstases em carcinomas mamadrios. Ele influencia
diretamente a atividade das metaloproteinases de matriz (MMPs), que sdo enzimas criticas na
degradacdo e remodelamento da MEC, processos essenciais para a invasao e disseminagao
tumoral. A interacdo entre coldgeno e MMPs tem sido amplamente estudada no contexto do
progndstico e terapias para o cancer, especialmente no cancer de mama (Hompland et al., 2008;
Burke et al., 2013; Burke et al., 2015; Golaraei et al., 2016; Barcus et al., 2017; Case et al.,
2017; Conklin et al., 2018; Reis et al., 2020; Garcia et al., 2021; Garcia et al., 2024).

Estudos tém demonstrado que, em comparacdo com a mama saudavel, as glandulas
mamadrias neopldsicas exibem fibras coldgenas mais organizadas e alinhadas, e essa
organizacgdo correlaciona-se com progndsticos desfavordveis (Case et al., 2017; Conklin et al.,
2018; Natal et al., 2018; Natal et al., 2019; Reis et al., 2020; Garcia et al., 2021; Garcia et al.,
2024). Alteracdes na densidade e na organizacdo das fibras de coldgeno ndo sé refletem a
agressividade do tumor, mas também estao associadas ao grau tumoral e a sobrevida global das
pacientes, tanto em carcinomas mamarios humanos quanto em caninos (Case et al., 2017;
Garcia et al., 2021). Essas descobertas reforcam a importancia da MEC e dos MATSs na
modulagdo do MAT, influenciando diretamente o comportamento das células cancerosas e o

desfecho clinico.
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2. REVISAO DE LITERATURA

2.1 Cancer de mama

O cancer de mama € o tipo de cancer mais frequentemente diagnosticado em mulheres
em todo o mundo, correspondendo a aproximadamente 24% de todos os casos de cancer
feminino. As neoplasias malignas da mama representam cerca de 11,6% dos canceres em ambos
0s sexos, sendo o segundo tipo mais comum na populagdo geral (WHO, 2022). Em 2021, foram
estimados 66.280 novos casos de ciancer de mama no Brasil, com um risco estimado de 61,61
casos a cada 100 mil mulheres. Além disso, é a principal causa de morte por cancer entre as
mulheres no Brasil, com uma taxa de mortalidade ajustada por idade de 12,23 por 100 mil
mulheres. As regides sul e sudeste apresentam as maiores taxas de incidéncia da doenca (INCA,
2023).

Estudos nos Estados Unidos revelaram variagdes nos subtipos de cincer de mama
dependendo das caracteristicas da populacdo. Em popula¢des rastreadas, o cancer de mama
positivo para receptores hormonais é o subtipo mais comum, com canceres HER2-positivos
constituindo 10-15% e os tumores negativos para receptores hormonais/HER2-negativo
correspondendo a 13-17%. Em populacdes ndo triadas, a frequéncia € diferente, com maior
proporcao de canceres RE-negativo/HER2-negativo (20-40%) e HER2-positivo (15-25%)
(WHO, 2019).

A biologia do cancer de mama também varia conforme a etnia, influenciando as taxas
de mortalidade globalmente (Razzak, 2019). Por exemplo, mulheres afro-americanas
apresentam maiores taxas de carcinomas triplos negativos e doenca metastética, além de maior
propor¢do de carcinomas pouco diferenciados, todos associados a uma menor sobrevida. O
cancer de mama metastatico representa 9% dos diagndsticos entre mulheres negras nao
hispanicas, comparado a 5-6% em outras mulheres (Harbeck et al., 2019).

A origem do carcinoma da glandula mamaria é multifatorial, sendo hormonios, dieta,
fatores reprodutivos e genéticos os principais fatores de risco (WHO, 2021). Dados
epidemioldgicos sugerem que o estilo de vida ocidental, caracterizado por dieta hipercaldrica,
falta de exercicio fisico, obesidade, idade avancada para o primeiro parto, menor paridade e
menor duracdo da lactacdo, estd associado ao aumento da incidéncia da doenca. A doenga é
mais frequente entre mulheres que t€m menarca precoce, permanecem nuliparas, t€tm poucos

filhos ou tém o primeiro filho em idade avancada. A utilizacdo de esteroides exdgenos
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(estrogenos ou progestdgenos) também desempenha um papel importante no desenvolvimento
de carcinomas mamarios (WHO, 2021).

A taxa de incidéncia do cancer de mama aumenta mais rapidamente antes da menopausa
(~8% ao ano) do que apds a menopausa (~2% ao ano), quando a sintese de estrogeno e
progesterona pelos ovarios cessa, e a producao de andrégenos ovarianos diminui gradualmente.
O consumo de dlcool estd consistentemente associado a um aumento moderado no risco de
cancer de mama, particularmente em canceres positivos para receptores hormonais (WHO,
2021). Embora o tabagismo ativo ndo tenha sido associado diretamente ao cancer de mama,
mulheres que comeg¢am a fumar antes do primeiro parto apresentam um risco aumentado. Além
disso, niveis mais altos de atividade fisica estdo associados a uma reduc¢do no risco da doenga,
enquanto a associacao entre indice de massa corporal e risco de cancer de mama € mais forte
em mulheres na pos-menopausa (WHO, 2021).

A identificacdo de genes de susceptibilidade ao cancer de mama esclareceu alguns
aspectos da patogénese da doenca esporddica e hereditaria (Razzak, 2019). As caracteristicas
moleculares mais relevantes clinicamente estdo relacionadas ao receptor de crescimento
epidérmico humano 2 (HER2), aos receptores hormonais (estrégeno e progesterona) e as
mutacdes BRCA, dados que orientam o tratamento e a pesquisa clinica (Razzak, 2019).

A malignidade e a progressao neopldsica dependem tanto do comportamento intrinseco
das células tumorais quanto das mudancas no MAT que as rodeia (Rimal et al., 2022). O MAT
desempenha um papel critico no suporte ao crescimento tumoral e na facilitacdo de sua
disseminacdo. A MEC, composta por coldgeno, fibronectina e outras proteinas estruturais,
também € constantemente remodelada e ajustada para facilitar a invasdo e migracao das células
tumorais. A intera¢ao dinamica entre esses elementos celulares e nao celulares dentro do MAT
cria um ambiente propicio para o crescimento continuo do tumor, resisténcia ao tratamento e
eventual disseminacdo metastitica. Essas complexas interagdes tornam o MAT um alvo
promissor para o desenvolvimento de novas estratégias terapéuticas que busquem interromper

o suporte fornecido pelo microambiente as células tumorais (Piersma et al., 2020).

2.1.1 Caracterizacio histolégica da glindula mamaria humana saudavel e neoplasica

As glandulas mamarias possuem entre 15 a 25 16bulos de glandulas tubuloalveolares
compostas, cuja funcao ¢ secretar leite para a nutricdo do recém-nascido. Cada 16bulo ¢ uma
glandula individualizada com seu préprio ducto excretor, chamado ducto galactéforo, que mede

entre 2 a 4,5 cm de comprimento. Esses ductos emergem independentemente no mamilo. Os
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lobulos sdo separados entre si por tecido conjuntivo denso e abundante tecido adiposo
(Junqueira & Carneiro, 2017).

Na mulher adulta, o 16bulo, estrutura caracteristica da glandula, desenvolve-se a partir
das extremidades dos ductos menores. Um lobulo consiste em varios ductos intralobulares que
se unem em um ducto interlobular terminal. Ao redor de cada lobulo hé tecido conjuntivo
intralobular, mais frouxo e muito celularizado. Em contrapartida, o tecido conjuntivo
interlobular, que separa os l6bulos, ¢ mais denso € menos celularizado (figura 01). O tecido
conjuntivo em torno dos alvéolos contém uma abundancia de linfocitos e plasmocitos,

importantes para conferir imunidade passiva ao recém-nascido (Junqueira & Carneiro, 2017).
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Figura 01- Desenho esquematico representando a glandula mamdria humana consistindo em ductos e 16bulos
localizados em um ambiente rico em matriz extracelular (tecido conectivo intra e interlobular). Adaptado de J. M.
Houthuijzenl & J. Jonkers, 2018.

Dentro desse contexto de organizagao tecidual, podem alteracdes patoldgicas nos ductos
ou nas unidades lobulares da mama, que sdo as unidades funcionais do tecido mamario. Entre
elas, destaca-se o fibroadenoma, uma neoplasia benigna circunscrita do tecido lobular do ducto
terminal, caracterizada por proliferac@o bifédsica de células epiteliais e componentes estromais.

Estes tumores podem apresentar um padrdo de crescimento estromal ao redor dos ductos abertos
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de forma circunferencial e/ou em padrdo intracanalicular com compressao estromal de ductos
em fendas. Mitoses sdo incomuns, mas podem estar presentes em adenomas-fibrosos em
pacientes jovens ou gravidas (WHO, 2019).

Enquanto os fibroadenomas representam uma condi¢do benigna, o espectro das
neoplasias mamarias inclui patologias mais graves, como os carcinomas invasivos. Esses
carcinomas abrangem um grupo heterogéneo de neoplasias epiteliais malignas, cuja
classificacao € baseada na presencga ou auséncia de expressao dos receptores hormonais (RE e
RP) e da proteina HER2: RE-positivo, HER2-negativo; RE-positivo, HER2-positivo; RE-
negativo, HER2-positivo; e RE-negativo, HER2-negativo (WHO, 2019).

Os carcinomas invasivos apresentam um amplo espectro histolégico, descrito através
de quatro caracteristicas principais: (1) subtipo histolégico, (2) Graduacdo de Nottingham, (3)
presenca ou auséncia de invasdo angiolinfatica, e (4) componente in situ associado. A
graduacao histoldgica é baseada na formacdo de tibulos, pleomorfismo nuclear e contagem
mitética, resultando em uma pontuagdo que classifica os tumores como grau 1 (bem
diferenciado), grau 2 (moderadamente diferenciado) ou grau 3 (pouco diferenciado) (WHO,
2019).

A expressao nuclear do receptor de estrogénio (RE) deve ser avaliada nos carcinomas
mamadrios invasivos, devido a sua utilidade em prever o beneficio da terapia enddcrina. A
expressdo do receptor de progesterona (RP) tende a variar mais do que a do receptor de
estrogénio, auxiliando na estratificacdo progndstica dos casos RE-positivos, embora os limiares
de RP especificos para essa finalidade ainda ndo estejam totalmente definidos (WHO, 2019).

Existem também carcinomas mamadrios que apresentam caracteristicas histolégicas
unicas, classificados como carcinomas invasivos de tipo especial. O carcinoma tubular (CT),
por exemplo, € um cincer de mama invasivo, porém de baixa agressividade, caracterizado por
tibulos bem estruturados, revestidos por uma tnica camada de células cancerigenas. Com uma
prevaléncia de aproximadamente 1,6% de todos os carcinomas mamadrios invasivos, o CT tem
um excelente prognostico, com taxas de sobrevida de 5 anos variando de 88% a 96% (WHO,
2019).

O carcinoma micropapilar invasivo (CMI) € outro tipo de carcinoma mamario invasivo,
composto por aglomerados de células malignas rodeados por espagos claros, com padrao de
crescimento de dentro para fora. Os CMI s@o raros, representando 0,9 a 2% dos casos, €
frequentemente apresentam metastases para linfonodos axilares. A morfologia micropapilar
estd associada a um pior prognéstico em relacdo aos carcinomas ndo especiais de mesmo

tamanho (WHO, 2019).
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2.2 Neoplasias da glandula mamaria na medicina veterinaria

Os carcinomas mamarios sao a forma mais comum de neoplasia em cadelas (Nunes et
al., 2018). Interessantemente, a maioria das cadelas com lesdes mamarias estd clinicamente
saudavel no momento do diagndstico, com essas lesdes geralmente sendo identificadas pelo
proprietario ou durante exames fisicos de rotina (Sorenmo, 2003). As neoplasias mamarias
costumam manifestar-se como noédulos circunscritos, variando em tamanho, consisténcia ¢
mobilidade em relacdo a pele e aos musculos subjacentes. Podem estar associados a ulceragdes
na pele e reagdes inflamatdrias. Multiplos nddulos em uma tnica glandula mamaria ou em
varias glandulas simultaneamente sdo comuns, com diferentes tipos histologicos (Kurzman et
al., 1986; Misdorp, 1999).

O estadiamento clinico da neoplasia ¢ fundamental para estabelecer um progndstico e
planejar o tratamento, oferecendo indicacdes precisas ao patologista sobre o material a ser
analisado (Cassali et al., 2020). O estadiamento ¢ determinado conforme o Sistema TNM,
estabelecido pela Organizacdo Mundial da Saiude para tumores mamarios caninos. Esse sistema
avalia o tamanho da lesdo primdria (T), a extensdo de sua disseminacdo para linfonodos
regionais (N) e a presenga ou auséncia de metastases a distancia (M) (Owen, 1999). Esses
pardmetros apresentam significativa correlagdo com a agressividade tumoral.

Além do estadiamento clinico, o grau histolégico € outro fator crucial na avaliagao das
neoplasias mamarias, baseado na analise do indice de formagao tubular, pleomorfismo nuclear
e contagem mitotica. O grau histoldgico é determinado por uma pontuagdo que resulta em um
valor total que varia de 3 a 9 (Cassali et al., 2020). A classificagdo mais amplamente adotada ¢
a de Misdorp et al. (1999), atualizada no ultimo Consenso de Diagndstico, Prognostico e
Tratamento de Tumores Mamario Caninos e Felinos - 2019, publicado em 2020 (Cassali et al.,

2020).

2.2.1 Caracterizacao histologica da glandula mamaria canina saudavel e neoplasica

A glandula mamadria canina € constituida por adendmeros bem desenvolvidos,
caracteristicos de sua classificagdo como glandula exdcrina composta, tubuloacinosa ou
tubuloalveolar, apdcrina. Cada glandula € formada por um corpo mamadrio e uma papila
mamadria, onde desembocam numerosos ductos lactiferos principais. Abaixo do tecido
subcutaneo, hd um conjunto de estruturas conjuntivas que sustentam o parénquima glandular,

composto por adendmeros do tipo tubuloacinosos. Esses adendmeros sdo constituidos por
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parede epitelial e cavidade contendo secrecdo, e ductos lactiferos. Os limens das glandulas
tubuloacinares contém secrecdo acidéfila de aspecto homogéneo ou granular, na maioria dos
casos. Os ductos excretores glandulares subdividem-se em intralobulares, interlobulares e
principais, recebendo o leite produzido pelos tubulodcinos e conduzindo-o aos diferentes ductos
principais que desembocam no dpice da papila mamadria. O epitélio de revestimento dos ductos
¢ simples e baixo nos segmentos intralobulares, tornando-se cubico ou biestratificado nos
ductos de maior calibre (Cassali et al., 2023).

Embora a glandula mamédria canina seja fundamental para o desenvolvimento de sua
funcdo exdcrina, ela também € suscetivel ao desenvolvimento de neoplasias, como os tumores
mistos benignos (TMB). Esses tumores sdo caracterizados pela proliferacdo benigna de células
epiteliais e mesenquimais, que produzem cartilagem, osso e/ou tecido adiposo, frequentemente
combinados com proliferacdo de tecido fibroso (Misdorp et al., 1999). A proliferacdo de células
mioepiteliais em associacdo com a matriz mixoide € a origem da cartilagem ectdpica observada
nesses tumores, sugerindo ser resultado da transicdo epitelial-mesenquimal ou mesenquimal-
mioepitelial (Erdelyi et al., 1991). Algum grau de pleomorfismo e atipia é frequentemente
observado nesses casos, tornando o diagndstico diferencial com o carcinoma em tumor misto
mais desafiador. O TMB € o tumor benigno mais comum em caes (Misdorp et al., 1999; Cassali
et al., 2017), enquanto em humanos, embora raro nas glandulas mamadrias, ocorre de forma
rotineira nas glandulas salivares, onde é denominado tumor misto ou adenoma pleomorfico
(Voz et al., 2000).

No entanto, a transformag¢@o maligna de tumores mistos benignos pode dar origem ao
carcinoma em tumor misto (CTM). Este tipo de tumor, que representa cerca de 44% das
neoplasias malignas da glindula mamaria canina (Nunes et al., 2018), exibe um padrdo
histolégico mais complexo, envolvendo componentes epiteliais € mesenquimais, dos quais
alguns podem se tornar malignos, resultando no desenvolvimento de carcinomas. O CTM se
caracteriza pela presenca de células epiteliais com elevado pleomorfismo e mitoses atipicas,
além de um crescimento infiltrativo, identificado pela descontinuidade da camada
basal/mioepitelial e a penetragdo de aglomerados de células tumorais no estroma. Apesar dessa
agressividade, o progndstico € relativamente bom, com alta taxa de sobrevida global (Nunes et
al., 2018; Cassali et al., 2017).

Ja os carcinossarcomas (CSS), que sdo menos frequentes, apresentam um prognostico
significativamente pior. Embora raros em humanos, os CSS sido mais prevalentes na espécie
canina, e apresentam comportamento clinico e patoldgico semelhante em ambas as espécies.

Esses tumores sdo compostos por células que se assemelham a epitélio, exibindo diferentes
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tipos de diferenciacdo, como dreas sélidas, escamosas, mucinosas, anapldsicas e sarcomatosas,
com diferencia¢ao fibro, condro e osteomatosa (Misdorp et al., 1973; Cassali et al., 2017). A
alta taxa de metdstase dos CSS contribui para seu pior progndstico em relacdo aos CTM:s.
Devido as similaridades morfoldgicas entre os CTMs e CSS nas glandulas mamarias de
humanos e cdes, essas neoplasias sdo frequentemente usadas como modelos comparativos para
estudos de progressao tumoral (Cassali et al., 2017).

Outro tipo raro de neoplasia mamaria € o carcinoma micropapilar, associado a
linfotropismo e prognostico desfavordvel (Cassali et al., 2020). Microscopicamente, esses
tumores sdo caracterizados por espacos cisticos bem definidos, que lembram vasos linfaticos,
e estdo distribuidos pela glandula mamaria. Dentro desses espacos, aglomerados de células
epiteliais formam padrdes micropapilares, exibindo citoplasma eosinofilico, pleomorfismo
nuclear evidente e nucléolos proeminentes. O indice mitdtico € varidvel, e a presenga de
metdstases em linfonodos € frequentemente observada (Cassali et al., 1999a; Cassali et al.,
2000; Cassali et al., 2020). O comportamento biologicamente agressivo do carcinoma
micropapilar, com altas taxas de metdstase e menor sobrevida global, ressalta a necessidade de
estudos mais aprofundados (Gama et al., 2008; Gamba et al., 2013; Nunes et al., 2018).

Por outro lado, os carcinomas com arranjo sélido apresentam um padrao de proliferacao
distinto, com células epiteliais organizadas em corddes, folhas ou aglomerados sélidos. Essas
células tumorais sdo indiferenciadas, com pequenos nticleos hipercromdticos e um alto indice
mitético. Em alguns casos, as células podem apresentar citoplasma vacuolado, possivelmente
de origem mioepitelial. A quantidade de estroma varia de pequena a moderada, e 4reas de
necrose sao frequentemente observadas (Cassali et al., 2002a; Cassali et al., 2020). Assim como
os carcinomas micropapilares, os carcinomas soOlidos também estdo associados a um
progndstico mais reservado, com menor sobrevida global (Nunes et al., 2018; Nakagaki et al.,
2021).

Um estudo realizado por Nunes e colaborares em 2022, investigou a distribuicdo e o
valor prognéstico dos imunofenétipos em carcinomas mamadrios caninos, utilizando um painel
imuno-histoquimico conforme as recomendacdes da classificacdo de St. Gallen (Goldhirsch et
al., 2011). A classifica¢do dos subtipos luminais foi subdividida em luminal A (RE e/ou RP
positivo, Ki67 /=20%) e luminal B HER+ (RE e/ou RP positivo, HER2 positivo, Ki67 >/=20%).
O subtipo mais comum diagnosticado foi o luminal B HER2 negativo, seguido do luminal A.

Os imunofendtipos luminal B HER2- e HER2+ foram associados a pior sobrevida,
maiores tamanhos tumorais, metdstases linfonodais ou distantes, tipos histolégicos mais

agressivos e invasao angiolinfatica. Esses achados t€m implicagdes importantes para a
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definicdo do progndstico e planejamento de terapias adjuvantes. Embora a classificacao
imunofenotipica seja um fator preditivo/progndstico estabelecido no cancer de mama humano,
terapias individualizadas para cada imunofendtipo ainda ndo estdo amplamente disponiveis na
oncologia veterindria (Nunes et al., 2022). Além disso, a expressdo aumentada de Ki67 e a
diminui¢do dos receptores hormonais também indicam um pior progndstico e sugerem a

necessidade de quimioterapia adjuvante (Cassali et al., 2019).

2.3 Neoplasias mamarias em cadelas como modelo translacional

A diversidade e complexidade das neoplasias mamarias humanas refletem-se também
na medicina veterindria, onde os carcinomas mamarios sdo as neoplasias mais frequentes em
cadelas idosas (De Nardi et al., 2002; Nunes et al., 2018). Essas similaridades destacam a
importancia de estudos comparativos e a necessidade de abordagens detalhadas no diagndstico
e tratamento dessas neoplasias em humanos e animais.

Devido a fisiopatologia intimamente relacionada, as neoplasias que se desenvolvem
naturalmente em caes domésticos tém sido progressivamente utilizadas como uma valiosa fonte
de informagdes para compreender melhor a biologia do cancer de mama em mulheres (Sorenmo
etal., 2009; Queiroga et al., 201 1b; Abadie et al., 2017; Nguyen et al., 2017; Markkanen, 2019).
Muitos estudos tém se concentrado em avaliar os aspectos moleculares das células tumorais em
caes, comparando-as com as células tumorais humanas (Sorenmo et al., 2009; Queiroga et al.,
2011b; Abadie et al., 2017; Markkanen, 2019; Vieira et al., 2022).

Entre varias neoplasias, as neoplasias mamadrias espontaneas em caes sao vistas como
excelentes modelos de estudo para o cancer de mama humano (Sorenmo et al., 2009; Queiroga
et al., 2011b; Abadie et al., 2017; Markkanen, 2019; Vieira et al., 2022). A oncologia
comparativa visa abordar algumas deficiéncias das pesquisas tradicionais, ampliando seu foco
desde modelos cldssicos de roedores até neoplasias espontaneas que se desenvolvem em
animais. Essa abordagem € percebida como uma oportunidade para complementar e aprimorar
a compreensdo de doengas complexas, como o cancer, particularmente no que diz respeito ao
desenvolvimento neoplésico, fatores de risco e mecanismos de tumorigénese. Devido a muitas
semelhangas compartilhadas entre cdes e humanos, o cdo doméstico é considerado um dos
melhores exemplos de oncologia comparada (Sorenmo et al., 2009; Queiroga et al., 2011b;
Abadie et al., 2017; Nguyen et al., 2017; Markkanen, 2019).

O nimero de genes em cdes e humanos é comparavel evolutivamente, e as alteracdes

conservadas no genoma sdao compartilhadas entre essas espécies (Karlsson & Lindblad-Toh,



26

2008; Liu et al., 2014; Rowell et al., 2011). O cancer de mama se desenvolve espontaneamente
em ambas as espécies, apresentando fisiopatologia, manifestacdes clinicas e histologia
semelhantes (Queiroga et al., 2011; Liu et al., 2014; Bundesamt For Statistik, 2015; Markkanen,
2019). Assim, o desenvolvimento de neoplasias espontaneas em caes apresenta fortes paralelos
com o desenvolvimento e a progressdo do cancer em humanos, sendo considerado o modelo
animal mais préximo do homem. A maior expectativa de vida dos caes, em comparagao aos
modelos de roedores, e os fatores ambientais compartilhados entre caes e humanos, combinados
com o fato de os cdes frequentemente receberem um alto nivel de assisténcia médica, fortalecem
ainda mais essa andlise comparativa (Sorenmo et al., 2009; Queiroga et al., 2011; Abadie et al.,
2017; Nguyen et al., 2017; Markkanen, 2019).

Além disso, foi demonstrado que certas racas de cdes possuem genes de predisposi¢cdo
para certos tipos de cancer, facilitando as comparacdes entre alelos de risco responsaveis pela
doenca em mulheres. Essas ideias enfatizam o potencial de utiliza¢do do cao como modelo para
o cancer humano e oferecem a possibilidade de melhorar a compreensao da biologia tumoral e
descoberta de novos biomarcadores (Queiroga et al., 2011; Rowell et al., 2011; Bundesamt For
Statistik, 2015; Carvalho et al., 2016; Markkanen, 2019).

Em termos relativos, ou seja, ao converter "anos do cao" em "anos humanos", a idade
para inicio da vida reprodutiva € compardvel em cadelas e mulheres. A incidéncia de neoplasias
mamarias comec¢a a aumentar apds os 6 anos de idade (equivalente a 40 anos em mulheres),
com picos entre os 8 e 14 anos (equivalente a 50 e 70 anos em mulheres) (INCA, 2022). Além
disso, o cancer de mama é o cancer mais frequentemente diagnosticado em mulheres —
excetuando-se cancer de pele ndo melanoma - e caes (Queiroga et al., 2011; Rowell et al., 2011;
Bundesamt For Statistik, 2015; Carvalho et al., 2016; WHO, 2019; Markkanen, 2019).

A anatomia da glandula mamaria normal é semelhante em caes e mulheres. Os alvéolos
e ductos da glandula mamadria consistem em células epiteliais luminais revestidas por células
mioepiteliais, sendo separados do tecido conjuntivo circundante pela membrana basal (Liu et
al., 2014; Santos & Matos, 2015). Em ambas as espécies, a formac¢ado de neoplasias € vista como
um processo dindmico, iniciando-se com lesdes hiperplédsicas benignas que podem evoluir para
carcinoma in situ (Markkanen, 2019). Posteriormente, essas neoplasias podem se tornar
invasivas, marcadas pela ruptura da membrana basal e potencial de metéastase. No nivel
molecular, muitas das principais alteracdes provocadas pelo cancer de mama em mulheres sdao
reproduzidas em carcinomas mamarios caninos, incluindo mutacdes da linhagem germinativa
em BRCA1, BRCA2 e TP53, associadas a um risco aumentado de cancer de mama hereditario

em humanos (Karlsson & Lindbland, 2008; Markkanen, 2019).
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Além dos fatores clinicos, como tamanho tumoral, envolvimento linfonodal e estdgio
clinico, o valor progndstico de aspectos histopatoldgicos, como tipo e grau histolégicos e
subtipos moleculares (luminal A, luminal B, HER-2 positivo e triplo negativo basal-like), esta
conservado em carcinomas mamarios caninos € humanos. As semelhancas entre as neoplasias
nas duas espécies sugerem homologias abrangentes na biologia tumoral. Estudos em caes
oferecem a oportunidade de identificar novos biomarcadores, ndo apenas para uso veterindrio,
mas também para beneficios em pacientes humanos (Gilbertson et al., 1983; Burstein et al.,
2004; Simpson et al., 2005; Sorenmo et al., 2009; Markkanen, 2019). A utilizagdo de modelos
comparativos pode auxiliar na diferenciacdo das vias moleculares da doenga, pois os principais
genes relacionados estdo conservados nas duas espécies (Liu et al., 2014; Santos & Matos,
2015). Além disso, ensaios clinicos em caes podem ser realizados em um periodo mais curto
em comparagdo aos estudos em humanos, devido a vida util reduzida dos caes e a manifestagcdo
clinica precoce da doenca nas cadelas (Gilbertson et al., 1983; Burstein et al., 2004; Simpson
et al., 2005; Sorenmo et al., 2009; Markkanen, 2019).

A sinergia entre médicos veterindrios, médicos e outros profissionais da satde e do meio
ambiente promove uma iniciativa conhecida como "One Health", que visa melhorar a vida de
todas as espécies através da integracdo da pesquisa médica e veterindria. Essa abordagem pode
ser mais eficiente e contribuir significativamente para o entendimento e tratamento do cancer
de mama em mulheres e cdes simultaneamente (Case et al., 2017; Markkanen, 2019).

Aproximadamente metade das neoplasias da glandula mamadria canina sdo malignas e,
dependendo do subtipo histoldgico, estdgio e grau histoldgico, podem estar associadas a um
risco significativo de recorréncia local e distante (metéstase). Tal como ocorre em humanos,
dois grandes obsticulos limitam os resultados bem-sucedidos em caes com carcinomas
mamadrios: a identificacio precisa de cdes com alto risco de recorréncia e a selecdo de terapias
eficazes para esses individuos. A falta de indicadores progndsticos precisos resulta em aumento
da morbimortalidade, devido ao excesso de tratamento em pacientes com neoplasias malignas
de baixo potencial metastatico e terapias inadequadas para aqueles que requerem intervencao
precoce e agressiva (Burke et al., 2015; Barcus et al., 2017; Conklin et al., 2018; Markkanen,
2019).

2.4 Microambiente durante a progressao tumoral

A maioria das neoplasias origina-se de células epiteliais que, ao se tornarem tumorais,

ignoram as barreiras dos tecidos onde normalmente residem. No entanto, essas células nao
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vivem em um ambiente isolado e dependem fortemente do MAT para sobreviver e crescer
(Hanahan, 2022). Esse microambiente ¢ um sistema complexo de interacdes entre diferentes
tipos de células ndo tumorais, como fibroblastos, células imunes, células vasculares e
adipdcitos, além da MEC, todos fundamentais para a progressdao do cancer (Hanahan, 2022;
Anderson & Simon, 2020; Markkanen, 2019; Vitale et al., 2019; Binnewies et al., 2018; Quail
& Joyce, 2017).

Entre os principais componentes desse microambiente, destacam-se as células
vasculares, como o endotélio e os pericitos, que desempenham um papel crucial na angiogénese,
processo essencial para a progressdao tumoral. A formacao de novos vasos sanguineos garante
o suprimento de oxigénio e nutrientes ao tumor em expansdo. O endotélio regula o fluxo
sanguineo e interage diretamente com as células tumorais, facilitando sua invasao nos tecidos
circundantes e a disseminacdo através da corrente sanguinea.

Por sua vez, os pericitos fornecem suporte estrutural e regulam a permeabilidade dos
vasos, permitindo a migracdo das células cancerigenas para outros 6rgdos, promovendo a
formacdo de metastases (Carmeliet & Jain, 2011; Ribatti et al., 2015). Esse processo de
angiogénese € frequentemente estimulado por fatores de crescimento secretados pelas células
tumorais e pelos fibroblastos associados ao cancer (FACs), como o VEGF, que orquestram o
desenvolvimento vascular em prol da progressao tumoral (Hanahan, 2022).

Além das células vasculares, o MAT também interage com o sistema nervoso. Recentes
descobertas apontam para o papel das terminacdes nervosas na progressao tumoral, em um
fendmeno conhecido como neurogénese tumoral. Essa interacao entre nervos e tumor estimula
o crescimento do cincer, uma vez que os nervos liberam neurotransmissores que aumentam a
proliferacdo, motilidade e invasividade das células tumorais. Assim, as conexdes nervosas
podem facilitar o avanco da doenca e aumentar o potencial metastatico do tumor (Zahalka &
Frenette, 2020).

As células imunes também sdao componentes centrais do MAT, desempenhando um
papel paradoxal. Inicialmente, algumas dessas células, como os neutréfilos, podem ter um papel
antitumoral, combatendo diretamente as células cancerigenas. No entanto, a medida que o
tumor se estabelece, os neutréfilos associados ao tumor (NATSs) passam a apoiar a progressao
tumoral, favorecendo a angiogé€nese e suprimindo a resposta imune. Além disso, os eosindfilos
podem secretar citocinas que criam um ambiente mais permissivo para o crescimento tumoral,
contribuindo para a imunossupressao (Fridlender et al., 2009; Carretero et al., 2015).

Outro grupo importante de células imunes no MAT sd@o os linfécitos T reguladores

(Tregs). Esses linfécitos tém a capacidade de suprimir a resposta imune antitumoral, impedindo
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a ativacdo eficaz dos linfécitos T citotoxicos, que sdo essenciais na destruicdo de células
tumorais. Com a presenca elevada de Tregs, o tumor é capaz de escapar do sistema imune e
continuar sua progressdo. Além disso, as células dendriticas, normalmente responsaveis pela
apresentacdo de antigenos e ativacdo das células T, podem ser inativadas pelo tumor,
comprometendo sua funcdo e permitindo que o cancer se dissemine sem ser detectado pelo
sistema imune (Binnewies et al., 2018; Salmon et al., 2016).

Outro elemento fundamental do MAT sado as células-tronco tumorais (CTTs). Essas
células sdo capazes de se autorrenovar e gerar diferentes tipos de células dentro do tumor, sendo
frequentemente associadas a resisténcia ao tratamento e a recidiva. Sua capacidade de evadir a
morte celular torna-as mais resistentes a terapias convencionais, como quimioterapia e
radioterapia, e, por isso, representam um desafio significativo no controle do cancer (Yang et
al., 2020; Batlle & Clevers, 2017).

Dentro do microambiente, os fibroblastos associados ao cancer (FACs) desempenham
um papel duplo. Eles sdo responsaveis pela producao da MEC, que ndo s6 fornece suporte
estrutural ao tumor, mas também regula a sinalizacdo celular que promove a proliferacdo e
migracdo das células tumorais. Além de produzirem proteinas como coldgeno e fibronectina,
os FACs secretam fatores de crescimento e citocinas que facilitam a invasdo tumoral,
promovendo o remodelamento do estroma e a transi¢do epitelial-mesenquimal (Sahai et al.,
2020; Kalluri, 2016).

Os adipdcitos, tradicionalmente conhecidos como células de armazenamento de
gordura, também t€m um papel crucial no MAT. Em tumores, como o de mama, os adipdcitos
associados ao tumor (AACs) fornecem acidos graxos livres e outros metabolitos para as células
cancerigenas, apoiando seu metabolismo acelerado e facilitando a progressao metastdtica. Além
disso, esses adipdcitos secretam citocinas pré-inflamatorias que promovem a transicao epitelial-
mesenquimal (TEM), o que favorece a invasao e a dissemina¢do das células tumorais (Nieman
et al., 2013; Dirat et al., 2011).

Por fim, a MEC € outro componente dindmico do MAT, sendo continuamente
remodelada pelas células tumorais e estromais. A MEC € composta por uma rede de proteinas,
como coldgeno e fibronectina, que regulam diretamente a sinalizacdo celular e o
comportamento das células cancerigenas. A rigidez da MEC estd associada a um
comportamento mais agressivo das células tumorais, promovendo a proliferacdo, migracdo e
invasdo. Esse desequilibrio na producdo e degradagdao da MEC favorece a invasdo tumoral e a
formacdo de metdstases, tornando a matriz um alvo importante para terapias que visam

interromper a progressao do cancer (Pickup et al., 2014; Mouw et al., 2014).
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Assim, todos esses componentes — desde células vasculares, imunes, adipdcitos e
fibroblastos até a MEC — interagem de maneira dindmica e orquestrada para promover o
crescimento e disseminagdo do tumor. Isso demonstra que o cancer ndo € apenas uma doenca
das células tumorais, mas também do seu microambiente, sendo essencial considerar as
complexas interagcdes celulares e moleculares para o desenvolvimento de novas abordagens
terapéuticas (Hanahan, 2022; Anderson & Simon, 2020; Markkanen, 2019; Vitale et al., 2019;
Binnewies et al., 2018; Quail & Joyce, 2017).

No inicio da formacdo do tumor, ele enfrenta sinais de inibicdo do crescimento,
principalmente modulados por linfocitos T citotoxicos, macrdéfagos M1 e fibroblastos. As
células do cancer de mama superam esses mecanismos estimulando as células do estroma
hospedeiro a adquirirem caracteristicas que favorecem o crescimento da neoplasia (Joyce &
Pollard, 2009; Hanahan & Coussens, 2012). Citocinas liberadas pela inflamacao, como TGF-
B, IL-1B e TNF-a, induzem a diferenciag@o de fibroblastos normais em fibroblastos associados
ao cancer (CAFs). Estes, por sua vez, secretam proteinas da MEC e fatores soltveis (TGF-f,
CXCLI12, IL-6) que estimulam a transi¢do epitelial-mesenquimal (TEM), o crescimento ¢ a
progressdo do tumor. Neutrofilos também podem induzir a TEM e promover a progressao
tumoral através da liberagdo de citocinas (Engblom et al., 2016; Zhu et al., 2019; Jiang & Zhan,
2020). Adipocitos fornecem metabolitos de alta energia para alimentar o crescimento tumoral
(Dirat et al., 2011; Nieman et al., 2013; Vaysse et al., 2014). Os MAT apoiam varios processos
no MAT, incluindo crescimento e invasao do cancer, por meio da secrecdo de citocinas e fatores
de crescimento pro-tumorigénicos (Qian et al., 2010; Noy et al., 2014; Mantovani & Allavena,
2015; Vitale et al., 2016; Zhu et al., 2017; DeNardo & Ruffell, 2019; Cassetta & Pollard, 2020).

Durante a expansao do tumor, citocinas presentes no ambiente, como CXCL5-CXCR2
e TGF-f, estimulam o recrutamento de células T reguladoras (Treg) e células supressoras
derivadas de mieloides (MDSCs), que prejudicam a vigilancia imunologica, inibindo linfocitos
T citotoxicos, macrofagos M1 e células natural killer. As células do cancer de mama também
podem escapar da vigilancia imunolodgica superexpressando o ligante PD-L1 (Gajewski et al.,
2013; Weber et al., 2018; Binnewies et al., 2018; Bruno et al., 2020).

Esses eventos permitem que as células tumorais adquiram um fendtipo movel e
invasivo. Fatores secretados, como MMPs e VEGF, facilitam a entrada das células tumoraisna
circulagdo, onde interagem com plaquetas, macrofagos M2, neutrofilos e fibroblastos, que
contribuem para sua protecdo e evasdo do sistema imunologico (Labelle & Hynes, 2011;
DeNardo & Ruffell, 2019; Fisher et al., 2021). As plaquetas aderem as células tumorais,

formando um escudo protetor que as ajuda a evitar a destrui¢ao pelo sistema imunolégico,
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enquanto macréfagos M2 e outros elementos do MAT secretam citocinas e fatores de
crescimento que promovem a sobrevivéncia e migragdo celular. Juntas, essas interacdes
permitem que as células tumorais sejam escoltadas até os locais secunddrios, onde interagem
com células endoteliais e pericitos, promovendo a extravasdo e coloniza¢do de novos tecidos
(Labelle & Hynes, 2011; DeNardo & Ruffell, 2019; Fisher et al., 2021). O local preferencial de
metastase pode ser influenciado pelo subtipo do cancer de mama (Weigelt et al., 2005; Smid et

al., 2008; Kennecke et al., 2010).
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Figura 02- Microambiente tumoral e a progressao do cancer de mama. Fonte: Adaptado de Terceiro et al., 2021.

2.4.1 Fibras colagenas

A homeostasia tecidual requer a manutencdo de sua estrutura e fungdo, com a
composicao, organizacgdo e rigidez da MEC desempenhando papéis criticos nesse processo. A
tensdo do citoesqueleto modula a estrutura do tecido, e condi¢des patoldgicas associadas ao

enrijecimento da MEC resultam em distarbios na estrutura e fungdo tecidual (Piersma et al.,
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2020). Diversos estudos mostram que as propriedades fisicas associadas a rigidez da MEC sao
componentes importantes do MAT, responsaveis pela transformagdo maligna e regulagdo da
agressividade tumoral (Friedl & Brocker, 2019; Duchez et al., 2019; Ebata et al., 2019; Mierke,
2019; Moriyama & Kidoaki, 2019; Zhang, 2019; Piersma et al., 2020).

Neoplasias solidas sdo geralmente mais rigidas do que o tecido saudével, caracteristica
essa que tem sido explorada no diagndstico do cancer de mama através da palpagdo fisica ou
de modalidades de imagem, como ressonancia magnética, tomografia computadorizada e
elastografia (Piersma et al., 2020). O cancer de mama e o adenocarcinoma ductal pancreatico
estdo associados a uma MEC mais rigida, ¢ modelos experimentais demonstram relagdes
causais entre a mecanica tecidual e a malignidade (Piersma et al., 2020).

Estudos mostram que durante o desenvolvimento de neoplasias ha um aumento na
deposicdo de fibras colagenas, sugerindo que o coldgeno desempenha uma fungdo essencial
nesse processo (Hanahan & Coussens, 2012; Markkanen, 2019; Garcia et al., 2022; Garcia et
al., 2024). Essa deposi¢do, conhecida como desmoplasia, aumenta a rigidez do tumor e do
tecido adjacente, estimulando a progressao do cancer em ambientes com MEC mais rigida
(Souza et al., 2018; Garcia et al., 2022; Garcia et al., 2024). Além disso, as neoplasias podem
remodelar ativamente a MEC circundante. Fibras de colageno do tipo 1 e tipo 3, quando
alinhadas, aumentam a rigidez da MEC, e isso prediz piores progndsticos, especialmente em
canceres receptores de estrogénio positivos (Barcus et al., 2017; Souza et al., 2018).

Estudos recentes sugerem que a rigidez da MEC ¢ fundamental nos processos de
migrac¢do celular, invasdo e metastatizagdo do cancer (Friedl & Brocker, 2019; Duchez et al.,
2019; Ebata et al., 2019; Mierke, 2019; Moriyama & Kidoaki, 2019; Zhang, 2019; Garcia et
al., 2021; Garcia et al., 2024). O colageno desempenha um papel critico no MAT, exercendo
influéncia no crescimento neoplasico e na disseminacdo de células tumorais devido a sua
capacidade de fornecer orientacdes fisicas, bioquimicas e biomecanicas (Friedl & Brocker,
2019; Duchez et al., 2019; Ebata et al., 2019; Mierke, 2019; Moriyama & Kidoaki, 2019; Zhang,
2019; Garcia et al., 2021; Garcia et al., 2024).

A abundancia de colageno fibrilar em um cancer de mama primdrio ¢ um fator de risco
significativo para a sobrevivéncia do paciente (Hasebe et al., 1997). Essa abundancia esta
associada a metastase a distdncia em carcinomas mamarios triplos negativos, promovendo
agressividade tumoral e metéstases em modelos experimentais (Provenzano et al., 2008).
Andlises de transcriptoma completo demonstraram mudangas drésticas e consistentes na
expressdo génica dentro da populacdo de fibroblastos e células mioepiteliais associadas ao

cancer de mama, sendo possivel derivar uma assinatura genética progndstica que poderia prever
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a sobrevida livre de recidiva dos pacientes (Ma et al., 2009). A "assinatura de cicatrizacdo de
feridas", identificada por microarray de fibroblastos, previu a sobrevida de pacientes com
cancer de mama (Chang et al., 2005), enquanto outro estudo identificou uma assinatura de
expressao génica estromal associada a resisténcia a quimioterapia neoadjuvante (Farmer et al.,
2005).

A movimenta¢do celular através da MEC ¢ um processo dindmico e complexo,
englobando atividades como a formagao de lamelipodios, adesao focal, locomog¢ao mediada por
contracdo de actina e fixagdo (Mierke, 2019). A motilidade celular ¢ importante em processos
fisiologicos, como cicatrizacdo de feridas, resposta imune e desenvolvimento de Orgdos e
tecidos, além de processos patologicos como a progressao tumoral. Em geral, uma neoplasia
pode se transformar em doenga sist€émica maligna quando as células cancerosas migram do sitio
primdrio através do estroma tumoral circundante (Friedl & Brocker, 2019; Duchez et al., 2019;
Mierke, 2019; Moriyama & Kidoaki, 2019; Zhang, 2019).

O movimento direcional das células ¢ essencial nos organismos vivos, sendo
influenciado por gradientes de produtos quimicos, rigidez, corrente elétrica, luz e gravidade. A
durotaxia, que envolve o movimento celular em dire¢do a regides de maior rigidez na MEC,
desempenha um papel crucial nesse processo. A durotaxia esta envolvida em diversos processos
de desenvolvimento e progressao de doencas (Moriyama & Kidoaki, 2019; Zhang, 2019; Garcia
et al., 2021; Garcia et al., 2024). Além da durotaxia, outro conceito importante ¢ a
"mecanoreciprocidade", que descreve como uma célula ajusta a tensdo do citoesqueleto em
resposta a rigidez da MEC e como esse fen6tipo contratil intrinseco remodela e enrijece a matriz
local até que um equilibrio mecanico seja alcangado (Paszek & Weaver, 2004; Piersma et al.,

2020).

2.4.2 Macroéfagos associados ao tumor

Os macréfagos, componentes essenciais do sistema imunoldgico inato, fazem parte do
sistema fagocitdrio mononuclear e desempenham fungdes cruciais, como a fagocitose de
patogenos, a modulacdo da inflamacdo e a coordenacdo do reparo tecidual (Condeelis et al.,
2006; Kim et al., 2019). Nesse contexto, os MATs desempenham um papel particularmente
importante. A maioria desses MATSs € derivada de mondcitos da medula éssea, recrutados para
o local do tumor em resposta a quimiocinas € citocinas, como a proteina quimiotdtica de
mondcitos 1 (MCP-1/CCL2) e o fator estimulante de coldnias 1 (CSF-1) (Qian & Pollard, 2011;
Murray et al., 2011; Wynn & Pollard, 2013; Yona & Gordon, 2015).



34

A origem dos MATs tem sido objeto de debate, com evidéncias sugerindo que podem
derivar tanto de mondcitos circulantes quanto de macréfagos de origem embriondria. Estudos
recentes indicam uma origem mista, na qual ambos os tipos contribuem para o crescimento
tumoral (Mass et al., 2016; Guilliams & Scott, 2017; Zhu et al., 2017; Bain & Jenkins, 2018).
Dependendo da origem dos MATs, diferentes fungdes sdo atribuidas a essas células. Por
exemplo, enquanto os macréfagos teciduais residentes derivados do saco vitelino estdo
relacionados a proliferacao celular e fibrose, os macréfagos derivados dos mondcitos da medula
dssea estdo associados a apresentacdo de antigenos, afetando o crescimento e metastase das
células tumorais (Guilliams & Scott, 2017; Zhu et al., 2017; Bain & Jenkins, 2018; Xu et al.,
2021).

Os macréfagos podem ser classificados em um espectro de estados de ativacdo, com os
extremos representados pelos macrofagos M1, classicamente ativados, e os macréfagos M2,
alternativamente ativados. Os macréfagos M 1, induzidos principalmente por interferon-y (IFN-
vY), lipopolissacarideo (LPS) e fator estimulante de colonias de granuldcitos-macréfagos (GM-
CSF), exercem efeitos citotdxicos sobre as células cancerigenas. Em contraste, os macréfagos
M2, estimulados por IL-4, IL-6, IL-10, IL-13, TGF-B, VEGF e outras citocinas especificas,
fornecem uma vantagem nutricional para as células tumorais, promovendo seu crescimento e
sobrevivéncia. No entanto, além dessas duas categorias, diversos estudos tém identificado
subtipos de macréfagos que nao se encaixam perfeitamente no modelo M1/M2.

Por exemplo, em condi¢des especificas os macréfagos M4, encontrados em placas
ateroscleroticas e induzidos pela proteina quimiotdtica de mondcitos-1 (MCP-1). Esses
macrofagos exibem propriedades anti-inflamatorias e expressam MMPs, desempenhando um
papel chave na degradacdo da MEC (Krakauer, 2012; Zhang et al, 2021). Os macrofagos Mox,
por sua vez, surgem em resposta ao estresse oxidativo, como a exposi¢do ao perdxido de
hidrogénio (H20:), e sdo caracterizados pela expressdo elevada de genes antioxidantes. Esse
subtipo ¢ frequentemente associado a processos inflamatdrios cronicos, como a aterosclerose
(Forstreuter et al., 2017; Rahman et al., 2020). Além disso, os macrofagos reguladores (Mregs)
desempenham um papel fundamental na promogdo da tolerancia imunoldgica, especialmente
em contextos como transplantes, onde ajudam a prevenir a rejeicao do enxerto (Turner et al.,
2013; Huttner & Strawbridge, 2021).

Essa diversidade funcional demonstra que os macréfagos nao seguem apenas um padrao
fixo de ativagdo M1/M2, mas sim adotam uma ampla gama de estados intermedidrios e subtipos
especializados, dependendo do microambiente patoldégico em que se encontram. Essa

plasticidade € essencial para a capacidade dos macréfagos de responderem de maneira dindmica
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a diferentes desafios bioldgicos, incluindo tumores e inflamagdes cronicas (Heusinkveld et al.,
2011; Monteiro et al., 2018; De Nola et al., 2019; Orecchioni et al., 2019; Zhu et al., 2019;
DeNardo & Ruffell, 2019; Nakamura et al., 2020; Jiang & Zhan, 2020; Locati & Mantovani,
2020).

Muitos estudos mostraram que os MATs sdo amplamente polarizados em direcdo ao
fenétipo M2, promovendo a progressdo tumoral e restringindo a resposta imune antitumoral
(Monteiro et al., 2018; Orecchioni et al., 2019; Zhu et al., 2019; DeNardo & Ruffell, 2019;
Nakamura et al., 2020; Jiang & Zhan, 2020; Locati & Mantovani, 2020; Xu et al., 2021).
Embora os MATSs sejam frequentemente classificados como pré-inflamatérios (M1) ou
imunossupressores (M2), eles existem em um espectro de estados de ativacdo intermedidrios,
em resposta as condicdes heterogéneas do MAT (Martinez & Gordon, 2014; Xue et al., 2014;
Orecchioni et al., 2019; Locati & Mantovani, 2020; Guilliams et al., 2021).

O MAT orquestra notavelmente os mecanismos moleculares que programam esses
macréfagos (Alessandrini et al., 2019; Viola et al., 2019; Van Den Bossche et al., 2017). Dada
a heterogeneidade dos MATSs e a falta de marcadores especificos e confidveis para atingir
seletivamente os subconjuntos desejados, as abordagens atuais para a classificacdo dos
macréfagos enfrentam desafios. Portanto, € essencial realizar andlises mais detalhadas dos
diferentes subconjuntos de MATSs, considerando sua localiza¢do no tumor, para desenvolver
terapias mais eficazes. Tecnologias avancadas, como imunofluorescéncia multiplex e
citometria de massa, estdo permitindo uma compreensdo mais profunda da diversidade e
plasticidade dos MATS, revelando a complexidade de suas fungdes no MAT e fornecendo
evidéncias para o desenvolvimento de novas estratégias de pesquisa (Martinez & Gordon, 2014;
Xue et al., 2014; Orecchioni et al., 2019; Locati & Mantovani, 2020; Guilliams et al., 2021).

Em termos de ativacdo e plasticidade, os MATSs exibem uma variedade de estados
funcionais. Embora geralmente tendam ao fenétipo M2, associado a promog¢do tumoral,
também expressam marcadores caracteristicos do fendtipo M1, reconhecido por suas
propriedades antitumorais (Qian & Pollard, 2010; Biswas & Mantovani, 2010; Mantovani et
al., 2017; Orecchioni et al., 2019; Locati & Mantovani, 2020; Guilliams et al., 2021). Além
disso, a localizacdo dos MATSs no tumor € um fator determinante de suas funcdes especificas,
influenciando diretamente seu comportamento e impacto no MAT. Nas dreas invasivas do
tumor, os MATs desempenham um papel facilitador na invasdo de células cancerosas, liberando
enzimas, citocinas e fatores de crescimento que degradam a MEC e promovem a migragdo

celular (Condeelis & Pollard, 2006; Qian & Pollard, 2010; Laoui et al., 2014; Ruffell &
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Coussens, 2015; Cassetta & Fragkogianni, 2020; Xue et al., 2021; Liu et al., 2022; Hosseini &
Vatanmakanian, 2022).

Dados clinicos revelam uma correlagio entre altas concentracdes de MATSs na frente
invasiva do tumor e um prognostico desfavoravel em determinados tipos de cancer, enquanto
em outros, os MATs estdo associados a desfechos mais positivos. Nessa regido de fronte
tumoral, os MATs podem expressar moléculas imunossupressoras, como PD-L1, que inibem a
resposta imune efetora, ou moléculas coestimuladoras, como CD80 e CD86, que potencializam
a ativagdo de células T (Zhu et al., 2014; Noy & Pollard, 2014; Mantovani et al., 2017; Pyonteck
et al., 2019; Locati et al., 2020; Miiller & Salem, 2021; Hosseini & Vatanmakanian, 2022).

Evidéncias sugerem que os MATSs participam de diferentes estigios e aspectos do
desenvolvimento tumoral, secretando diversos fatores, como IL-1/6/8/10, IGFI, VEGF, MMP-
7/9, uPA, TNF-a e TGF-B. Estudos demonstraram que os MATSs secretam IL-6, uma citocina
associada a tumorigénese, que desempenha um papel importante na proliferacio, diferenciacdo
e sobrevivéncia das células tumorais (Yao et al., 2014; Dong et al., 2020; Zhong et al., 2020).
Outro membro da familia das interleucinas, CXCLS (IL-8), também estd amplamente envolvido
na tumorigénese devido a sua pluripoténcia, incluindo angiogénese e efeitos mitogénicos. A
CXCLS ¢ principalmente secretada por macréfagos mononucleares, e estudos mostram que os
MATSs diminuem a expressao do receptor de estrogénio em tecidos de carcinoma mamério
através da secrecdo excessiva de CCLS, associada a invas@o tumoral e pior progndstico (Shah
et al., 2013).

A infiltracdo de MATS estéd intimamente associada a expressdao de VEGF e densidade
microvascular (MVD), que afetam conjuntamente o prognéstico dos pacientes. Outro estudo
demonstrou que macréfagos M2 secretam MMP-9, responsavel por promover a progressio da
neoplasia em canceres de mama e cd6lon, sendo considerados marcadores progndsticos e
potenciais alvos de estudo (Azevedo et al., 2020; Gonzalez-Avila et al., 2020). Em canceres de
mama receptores de estrogénio positivos, a MMP-9 secretada por MATSs foi associada a pior
sobrevida global; porém, em cinceres de mama receptores de estrogénio negativos ou triplos
negativos, essas associacdes ndo foram relatadas (Pelekanou et al., 2018).

No nicho perivascular, os MATSs exibem caracteristicas particulares, expressando altos
niveis de TIE2 e promovendo processos como angiogénese tumoral, metdstase e recidiva pos-
tratamento. A frequéncia desses MATSs perivasculares correlaciona-se positivamente com a
densidade de microvasos em determinadas neoplasias humanas, evidenciando sua contribui¢cdo
para a vascularizacdo neopldsica (Lewis & Pollard, 2006; Venneri et al., 2007; De Palma &

Naldini, 2009; Coffelt et al., 2010; Harney et al., 2015; Larionova & Patysheva, 2020; Moradi
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et al., 2021; Mazzieri & De Palma, 2021; Zhu & Wang, 2021). Além disso, estdo implicados
na revascularizacdo e na recidiva tumoral apds intervengdes terapéuticas. Em sitios
metastaticos, como os pulmdes, um subconjunto especifico de macréfagos facilita a extravasao
de células cancerosas e a formacdo de metastases (Qian & Pollard, 2010; Harney et al., 2015;
DeNardo & Ruffell, 2019).

Areas hipéxicas ou necréticas dentro do tumor também influenciam o comportamento
dos MATSs. Nesses microambientes, elevados nimeros de MATSs estdo associados ao aumento
da angiogénese tumoral, metdstase, reducdo da sobrevida livre de recidiva e diminuicdo da
sobrevida global, especialmente em canceres de mama, endometrial e cervical (Noy & Pollard,
2014; Chiarugi & Cirri, 2019; Hughes & Qian, 2020; Komohara & Fujiwara, 2021; Mulder &
Van, 2021). A hipdxia estimula os MATs a promoverem angiogénese, evasdo imunoldgica e
disseminacdo metastatica. Esse ambiente também induz alteragcdes metabdlicas nos
macréfagos, que afetam diretamente as fungdes das células tumorais adjacentes, como a
liberacao de HMGBI1 pelas células cancerosas, estimulando a producao de IL-10 pelos MATSs
(Chiarugi & Cirri, 2019; Hughes & Qian, 2020; Komohara & Fujiwara, 2021; Li et al., 2021).

A IL-10 € uma citocina multicelular com efeitos imunossupressores, capaz de inibir a
liberagdo de antigenos pelo sistema fagocitico mononuclear (Saraiva et al., 2010; Mannino et
al., 2015). Um estudo demonstrou que a IL-10 promove a transforma¢ao de macréfagos em
macréfagos do tipo M2 no MAT e que esses macréfagos M2 polarizados, por sua vez, secretam
altos niveis de IL-10 (Liu et al., 2020). No cancer de mama, a superexpressao de IL-10 derivada
de macréfagos resultou no desenvolvimento do tumor por meio da ineficiéncia das respostas
dependentes de células T CD8+ a quimioterapia. Além disso, a IL.-10 € um fator independente
para o progndstico adverso em pacientes com cancer de mama negativo para o RE (Ruffell et
al., 2014). Para as células T, o VEGF bloqueia a diferenciagdo das células T progenitoras em
linfécitos CD4+ e CD8+, enfraquecendo a funcdo imunoldgica dessas células. Por outro lado,
o VEGF aumenta a infiltracdo dos MATs, gerando um feedback positivo para a presenca de
VEGF e MATSs (Mandic et al., 2014).

Os MATs também exercem importante funcdo na metastizagdo das células tumorais,
liberando o ativador de plasminogénio tipo uroquinase (uPA) e regulando positivamente a
expressao do receptor para uPA (uPAR), que pertence ao sistema fibrinolitico. A combinacao
uPA-uPAR inicia as reagdes para o remodelamento da MEC, degradando seus componentes e
induzindo a migragdo de células tumorais do sitio primério da neoplasia (Mahmood et al.,
2018). O aumento do uPAR também pode induzir a agregacdo de macréfagos ao tecido normal

mediante um feedback positivo. Nos carcinomas ductais mamadrios in situ e invasores, 0s
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mondcitos sanguineos com niveis mais altos de uPAR podem ser recrutados seletivamente em
tecidos neopldsicos e induzir niveis elevados de uPAR nos MATS através da ac¢do pardcrina
(Hildenbrand et al., 1999). Como membro dos fatores de crescimento transformadores, o TGF-
B ¢ uma citocina multifuncional que atua como um potente supressor tumoral no estdgio inicial
do cancer, mas em estigios mais avancados, participa da indug¢do da transicdo epitelial-
mesenquimal (Xu et al., 2021). Assim, os MATSs estdao envolvidos na secre¢do de citocinas e
fatores de crescimento que influenciam o remodelamento da matriz, crescimento tumoral,

metastase e progressao (Xu et al., 2021).

Transigdo epitelial mesenquimal (TEM)
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Figura 03- Macrdfagos associados ao tumor (TAMs) na progressdo e metastase do cdncer de mama. Os TAMs
estdo envolvidos em multiplos mecanismos que levam a progressdo tumoral e metastase. Esses mecanismos de
promoc¢do tumoral incluem a transicdo epitelial-mesenquimal, o remodelamento da matriz extracelular, o
enriquecimento de células-tronco cancerigenas e a angiogénese. Citocinas, enzimas e outros fatores derivados dos
TAMs sdo mediadores chave desses processos. Fonte: Adaptado de Stavrou and Constantinidou, 2024.

Assim como nas mulheres, nas cadelas a infiltragio de MAT estd relacionada com a
progressao e o prognostico do cancer de mama e com a sobrevida das pacientes, refor¢cando o
potencial dessas células como indicadores progndsticos no carcinoma mamadrio invasivo
canino. O estudo realizado por Monteiro e colaboradores em 2018, mostrou que uma contagem

mais alta de MATs apresenta uma correlagdo positiva com invasao e progressao do CTM,
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havendo uma mudanca de MAT M1 em TMB a MAT M2 em CTMs. Contagens mais altas de
MAT foram associadas a maior densidade, maiores taxas de proliferacdo celular, presenca de
invasdo e metdstase linfonodal, bem como sobrevida global. Altos niveis de infiltracio de MAT
foram associados com caracteristicas clinicopatolégicas agressivas em carcinomas mamarios
caninos. Altas contagens de MAT estromal e total foram correlacionadas com metdstase em
linfonodo e com pior progndstico, uma caracteristica esperada uma vez que os macréfagos
possuem a capacidade de remodelar o estroma tumoral, aumentando a migracao e invasdo das
células neoplasicas (Monteiro et al., 2018).

Essas caracteristicas reforcam o papel dos macréfagos na progressdo do carcinoma
mamadrio canino. Neste trabalho ndo foram encontradas associagdes entre o aumento da
infiltracdo dos MAT e o grau histolégico (Monteiro et al., 2018). Tanto as células epiteliais
neoplasicas como as células estromais produzem substancias capazes de remodelar a MEC,
induzir a migracdo celular, atuar como quimioatraentes e promover proliferacdo e sobrevivéncia
celular. Contagens mais altas de MATSs intratumorais € MATSs estromais também estdo

correlacionados com a diminui¢@o da sobrevida e pior prognéstico (Monteiro et al., 2018).

2.5 Microscopia por absorc¢io de dois fotons

2.5.1 Microscopia por geraciao de segundo harmonico

A geragdo de segundo harménico (SHG do inglés second harmonic generation) € um processo
coerente no qual dois fotons de energia mais baixa sdo convertidos para exatamente o dobro da
frequéncia incidente (metade do comprimento de onda) de um laser de excitagdo (figura 04). A imagem
biologica obtida por SHG foi relatada pela primeira vez em 1986 quando Freund investigou a polaridade
das fibras de colageno no tenddo da cauda de um rato com uma resolucao de 50 micrometros. Em 2011,
Mohler e Campagnola relataram a implementagdo pratica de imagens de tecidos em alta resolucédo e
aquisicdo rapida de dados utilizando o escaneamento a laser e, desde entdo, a microscopia por SHG tem
sido uma ferramenta cada vez mais utilizada. A maioria dos relatos recentes sobre imagens
microscopicas por SHG concentra-se na visualizagdo de fibras colagenas na matriz extracelular em uma
variedade de tecidos conjuntivos e 6rgaos internos (Campagnola & Dong, 2011). A figura 05 mostra a
montagem experimental para obtengao das imagens de microscopia por SHG utilizando o microscopio

confocal.
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Figura 04- Representacdo de dois fotons com frequéncia o gerando um féton com o dobro da frequéncia.
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Figura 05- Montagem experimental para obtencdo das imagens de microscopia multifotonica utilizando o

microscépio confocal.

O coléageno tipo I é o componente predominante da matriz extracelular e do tecido conjuntivo.
O colageno ¢ uma tripla hélice, com aproximadamente 300 kilodaltons. As moléculas individuais,
chamadas de tropocolageno, se associam covalentemente em fibrilas de aproximadamente 20-250
nandmetros de didmetro para posteriormente formar fibras de aproximadamente 500 nandmetros a
varios microns de didmetro (Falzon et al., 2008; Campagnola & Dong, 2011; Case et al., 2017; Barcus
et al., 2017; Wang et al., 2017; Conklin et al., 2018; Reis et al., 2020; Garcia et al., 2021; Garcia et al.,
2024). A microscopia por SHG tem varias vantagens que a tornam ideal para a obtengdo de imagens de
tecidos in vivo. Um atributo particularmente forte ¢ que a microscopia por SHG visualiza a estrutura do
tecido porque o contraste é produzido puramente a partir de espécies endogenas (Campagnola & Dong,
2011). Por outro lado, imagens com corantes exdgenos ¢ proteinas coloridas s6 podem inferir aspectos
estruturais. Os sinais de SHG surgem de uma polarizag@o induzida ao invés de uma absor¢ao, o que leva
a uma fotodegrada¢do e fototoxicidade substancialmente reduzidas em relagdo aos métodos de
fluorescéncia. Além disso, como os comprimentos de onda fundamentais do laser estdo no

infravermelho (entre 700-1000 nandmetros) a microscopia por SHG pode obter imagens com melhor
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resolucgdo para profundidades de varias centenas de microns (Campagnola & Dong, 2011; Case et al.,

2017; Barcus et al., 2017; Wang et al., 2017).

Diversos estudos na area humana identificaram, por meio da microscopia por SHG, que durante
a progressdo tumoral do cancer de mama as fibras colagenas se tornam mais alinhadas em comparacéo
a tecidos mamarios saudaveis, predizendo prognosticos desfavoraveis (Falzon et al., 2008; Campagnola
& Dung, 2011; Barcus et al., 2017; Wang et al., 2017; Conklin et al., 2018; Garcia et al., 2018; Natal et
al., 2018; Natal et al., 2019; Reis et al., 2020; Garcia et al., 2021; Garcia et al., 2024). Um estudo
realizado por Case e colaboradores, em 2017, examinou o papel potencial do colageno na modulagao
do metabolismo bioldgico € no comportamento das neoplasias mamarias em caes. Neste estudo ficou
confirmado que a organizagdo e o alinhamento das fibras colagenas, reveladas por imagens de SHG em
carcinomas mamarios caninos, sdo preditivos de resultados clinicos agressivos. Os pesquisadores
identificaram que a falta de um limite definido entre estroma e neoplasia € um aumento na largura das
fibras coldgenas estdo associados a progndsticos desfavoraveis. Essas descobertas direcionam para a
hipétese de que o coldgeno pode ser utilizado como um biomarcador prognéstico de neoplasias

mamarias caninas, melhorando o sucesso terapéutico em caes (Case et al., 2017).

Semelhante ao cancer de mama humano, a densidade mamografica em biopsias de carcinomas
esta inversamente relacionada a sobrevida de pacientes da espécie canina. Apesar da densidade ndo ser
um dado ttil para melhorar o progndstico da doenga, os dados do estudo sugerem que estratégias
terapéuticas que suprimem respostas desmoplasicas, particularmente aquelas que estimulam a deposicao
de colageno, podem melhorar a sobrevida dos cées (Case et al., 2017). Estudos recentes revelaram que
a organizacdo do colageno ¢ a rigidez da matriz extracelular sdo tdo importantes quanto a densidade na
mediagdo do crescimento e invasdo tumorais (Conklin et al., 2018; Garcia et al., 2018; Natal et al., 2018;

Natal et al., 2019; Reis et al., 2020; Garcia et al., 2021; Garcia et al., 2024).

2.5.2 Fluorescéncia excitada por dois fotons

A absorcao de dois fotons € o processo pelo qual uma molécula ou material absorve um par de
fotons, cuja soma de energia ¢é igual a energia de transigdo. A probabilidade de uma molécula sofrer a
absorg¢do de dois fotons quando exposta a luz de uma determinada energia de fotons (ou combinagéo de
energia de fotons) depende de certas caracteristicas do material ¢ do ambiente em que a molécula esta
imersa. Assim, a espectroscopia por absor¢do de dois fotons pode ser utilizada como uma ferramenta
para sondar as propriedades das moléculas, por exemplo para descobrir a energia dos estados ativos de
dois fotons por meio da forca das transi¢des na absor¢do por dois fotons e as diferengas de estrutura

eletronica entre o estado fundamental e os estados excitados do sistema. Desde a primeira demonstrago
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experimental da absorgdo por dois fotons, houve um interesse nesse tipo de espectroscopia para o estudo

de propriedades basicas de materiais e de interagdes matéria-luz (Rumi & Perri, 2010).

O processo de excitacdo de um material por dois fotons consiste em um processo 6tico nao
linear que envolve a absor¢do quase simultanea de dois fétons por um dado material quando a energia
desses fotons € combinada (os fotons podem ter energias iguais E1+E1 ou diferentes E1+E2, podendo
ser obtida com lasers diferentes) de forma suficiente para induzir uma transi¢do do estado fundamental
para um estado excitado) (Imiolek, 2014). A figura 06 mostra o tipo mais simples de excitagdo por

absorg¢do de dois fotons, onde dois fétons com a mesma energia sdo combinados.
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Figura 06- Fotons com mesma energia E1 absorvidos pelo material quase simultaneamente e depois decai

emitindo a fluorescéncia. Fonte: Adaptado de Rumi & Perri, 2010.

A microscopia por absor¢do de dois fotons ¢ uma das invengdes recentes mais importantes da
instrumentacdo de microscopia Optica, pois permitiu imagens tridimensionais nao invasivas de amostras
bioldgicas com excelente resolugdo. As principais vantagens deste tipo de microscopia incluem danos
fototoxicos reduzidos, possibilitando a criagdo de imagens de materiais vivos e deteccdo de alta
sensibilidade sem contaminagdo do sinal de fluorescéncia pela luz de excitagcdo (Imiolek, 2014). Os
principais elementos de um microscopio de absor¢do de dois fotons sdo: laser de safira dopado com
titdnio de femtossegundo usado como fonte de luz, tubos fotomultiplicadores para deteccdo de
fluorescéncia e varias partes da optica de microscopia (scanner acionado por galvanometro, espelho
dicrdico, objetiva, entre outros). Utilizando essa instrumentagdo, pode-se obter fotografias de excitagdo
de células marcadas com diferentes corantes (Rumi & Perri, 2010; Imiolek, 2014). Neste trabalho, a
microscopia por absor¢do de dois fotons foi utilizada para se obter mais informagdes a respeito do tecido
em analise, uma vez que a eosina € o principal corante que pode ser excitado em tecidos corados com

H&E.
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3. HIPOTESE

Os carcinomas mamadrios humanos e caninos associados a progndsticos desfavordveis t€ém

fibras coldgenas mais curtas e maior infiltragdo de macréfagos M2.
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4. OBJETIVOS

4.1 Objetivo geral

Avaliar a organizacao, quantidade, ondulacdo e comprimento das fibras coldgenas na
glandula mamaria saudédvel e nas neoplasias mamarias humanas e caninas e correlacionar com

os dados clinico-patoldgicos e sobrevida das pacientes.

4.2 Objetivos especificos

e Avaliar a organizacao, quantidade, ondulagcdo e comprimento das fibras colagenas na
glandula mamaria saudavel e nas neoplasias mamarias humanas e caninas, a partir de
imagens obtidas por gera¢do de segundo harmonico e fluorescéncia excitada por dois
fotons;

e (aracterizar o fenotipo molecular dos carcinomas mamarios humanos e caninos, pela
técnica de imuno-histoquimica;

e Correlacionar a organizagao, quantidade, ondulagao e comprimento das fibras colagenas
com o fendtipo molecular e com os dados clinico-patoldgicos das pacientes;

e Correlacionar a organizagado, quantidade, ondulacao e comprimento das fibras colagenas
nos carcinomas mamarios humanos e caninos com a sobrevida das pacientes;

e Avaliar a infiltragdo de macrofagos na glandula mamaria sauddvel e nas neoplasias
mamarias humanas e caninas, pela técnica de imuno-histoquimica;

e (aracterizar o fenotipo dos macréfagos infiltrantes na glandula mamaria saudavel e nas
neoplasias mamarias humanas e caninas, pela técnica de imunofluorescéncia;

e Correlacionar a infiltragdo de macréfagos e a organizagdo, quantidade, ondulagdo e
comprimento das fibras coldgenas na glandula mamaria saudavel e nas neoplasias
mamarias humanas e caninas.

e Correlacionar a infiltragdo de macrofagos nos carcinomas mamarios humanos e caninos

com a sobrevida das pacientes.
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5. MATERIAL E METODO

5.1 Selecao das amostras humanas

Este € um estudo retrospectivo de 20 amostras de glandula mamaria saudédvel e 69 casos
de neoplasias mamadrias benignas e malignas. Foram incluidas amostras com informagdes sobre
o tamanho tumoral, presenca ou auséncia de metdstases linfonodais, grau histolégico, subtipo
molecular e taxa de proliferacao celular. As amostras foram obtidas no setor de bidpsia da
Faculdade de Medicina da Universidade Federal de Minas Gerais (UFMG), Brasil. As amostras
foram provenientes do Hospital das Clinicas da UFMG. As laminas foram confeccionadas a
partir de fragmentos de glandula mamadria sauddvel ou neopldsico obtidos de bidpsias de
setorectomia, mastectomia simples, mastectomia radical unilateral ou bilateral dependendo do
tamanho tumoral, estadiamento clinico, drenagem linfdtica e localizacdo da neoplasia.
Amostras de glandula mamadria humana sauddvel foram adquiridas a partir de mamoplastias

realizadas no Hospital das Clinicas da Faculdade de Medicina da UFMG.

5.2 Selecao das amostras caninas

Este € um estudo retrospectivo de 12 amostras de glandula maméria saudavel e 74 casos
de neoplasias mamadrias benignas e malignas, de ocorréncia espontanea. Foram incluidas
amostras com informacdes sobre o tamanho tumoral, presenca ou auséncia de metéstases
linfonodais, grau histolégico, subtipo molecular e taxa de proliferacdo celular. As amostras
foram obtidas dos arquivos do Laboratério de Patologia Comparada da Universidade Federal
de Minas Gerais (UFMG), Brasil. O material foi encaminhado do Hospital Veterinario da
UFMG para o Laboratério de Patologia Comparada. As ldminas foram confeccionadas a partir
de fragmentos de glindula mamadria sauddvel ou neopldsico obtidos de bidpsias de
setorectomia, mastectomia simples, mastectomia radical unilateral ou bilateral dependendo do
tamanho tumoral, estadiamento clinico, drenagem linfatica e localizacdo da neoplasia.
Amostras de glandula mamadria canina sauddvel foram adquiridas a partir de tecidos mamarios

sem alteracdes das cadeias mamarias recebidas no Laboratorio de Patologia Comparada.
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5.3 Avaliacao histopatologica

As amostras cirurgicas foram fixadas em solu¢ao de formalina tamponada neutra a 10%.
Secdes representativas foram processadas rotineiramente, incluidas em parafina, cortadas em
secoes de 4 um de espessura e coradas com hematoxilina e eosina (H&E) para exame em
microscopia de luz. As amostras humanas foram coletadas no periodo de 2010 e 2020 e foram
classificadas histologicamente com base nos critérios descritos na Organizacdo Mundial da
Saude (WHO, 2019) incluindo os tipos histoldgicos fibroadenoma (Fb, n=12), carcinoma
tubular (CT, n=4), carcinoma invasivo (CI, n=37) e carcinoma micropapilar (CM, n=16). As
amostras caninas foram coletadas no periodo de 2009 a 2020 e foram classificadas
histologicamente com base nos critérios descritos no Consensus for the Diagnosis, Prognosis
and Treatment of Canine Mammary Tumors (Cassali et al., 2020) incluindo os tipos
histolégicos benigno em tumor misto (TMB, n=15), carcinoma em tumor misto (CTM, n=14),
carcinossarcoma (CSS, n=6), carcinoma micropapilar (MP, n=16) e carcinoma com arranjo
s6lido (CAS, n=23).

Informacdes sobre o tamanho tumoral (T), acometimento neoplédsico de linfonodos
regionais (N) e presenca de metdstases a distancia (M) foram apresentados como varidveis
isoladas, uma vez que informagdes sobre metdstase a distancia ndo sdo devidamente relatadas
devido as dificuldades de diagnosticar esta varidvel. O grau histoldgico foi estabelecido

conforme o sistema de Nottingham.

5.4 Microscopia por absorcao de dois fotons

O sistema de imagem empregado neste estudo combinou imagens SHG e TPEF usando
uma configuracdo personalizada que compreende uma unidade de varredura a laser confocal
Olympus FV300 conectada a um microscopio vertical BX61. Para amostras humanas, 1.200
secOes representativas de tecido mamdrio humano normal e tipos histolégicos humanos
avaliados foram escolhidos de 1aminas coradas com H&E. Para amostras caninas, 1.304 sec¢des
representativas de tecido mamario normal e tipos histoldgicos caninos avaliados de secdes
coradas com H&E foram definidos. Nos casos em que as laminas histolégicas incluiam regides
mamadrias normais, imagens das 10 dreas mais representativas em amostras humanas e caninas
foram capturadas. Em relacdo aos tecidos neopldsicos, 10 a 15 regides intratumorais altamente

representativas foram selecionadas para medi¢des. Os sinais SHG e TPEF de areas selecionadas
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foram medidos para andlises posteriores. Além disso, imagens de microscopia de campo claro
de tecido corado com H&E foram adquiridas das mesmas dreas medidas usando o microscopio
Olympus BX41 acoplado a camera SPOT Insight Color para fins comparativos. O software de
captura usado foi o SPOT Advanced.

Para a aquisicdo das imagens de microscopia de absorcao de dois fétons, foram
utilizadas laminas histoldgicas coradas com eosina e hematoxilina a partir de tecidos fixados
em formalina e embebidos em parafina. Foram selecionadas O sistema de imagem de geragao
de segundo harmonico (SHG) ¢ uma instalagdo que utiliza um microscopio confocal de
varredura a laser Olympus FV300. Nesse sistema utiliza-se um laser de Ti-Safira sintonizavel
(Coherent Chameleon) de 140fs com taxa de repeticdo de 80MHz ajustado para um
comprimento de onda de 800nm. O feixe de laser, com polarizagdo linear, passa através dos
espelhos de varredura, de um espelho dicrdico e ¢ entdo focado na amostra em incidéncia
normal por uma lente objetiva de 20x (N.A. 0,90). A poténcia média na amostra ¢ de SmW. O
sinal de retroespalhamento na Geracao de Segundo Harmdnico ¢ coletado pela mesma objetiva
e direcionado pelo espelho dicroico insensivel a polarizagdo (Semrock FF665-Di02) para o
detector (um tubo fotomultiplicador). Um filtro de banda fina (20nm de largura de banda)
centrado no comprimento de onda do Segundo Harmoénico (400nm) ¢ usado para remover
completamente a luz dispersa do laser. Todas as polarizacdes do Segundo Harmodnico sao
coletadas, ou seja, nao se utiliza nenhum polarizador-analisador na frente do detector. Isso
garante que as fibras coldgenas em todas as orientagdes da amostra possam ser observadas. Ha
apenas uma pequena diminuicdo na intensidade das fibras na polarizagdo ortogonal a
polarizacdo linear do laser. Essa intensidade ¢ de cerca de 80% em comparagdo a direcao
paralela.

As imagens de microscopia de fluorescéncia por absorc¢ao de dois fotons (TPEF) serdo
obtidas por meio da mesma montagem experimental da microscopia por geragdao de segundo
harmdnico, com algumas modificagdes. O feixe de laser com comprimento de onda de 800nm
percorre 0 mesmo caminho até chegar a unidade de escaneamento. Para que se tenha uma
comparac¢ao direta das posi¢cdes nas imagens, foram obtidas imagens para as mesmas posi¢oes
da amostra em que coletamos o sinal de SHG. O feixe de laser que sai da unidade de
escaneamento passa por um espelho e ¢ focado na amostra pela objetiva. A luz transmitida pela
amostra ¢ coletada por uma lente no interior do condensador focalizado em uma
fotomultiplicadora (PMT3). A fluorescéncia ¢ coletada pela mesma objetiva de focalizagdo por
retro-espalhamento. Apos passar pela objetiva, ela passa novamente pelo espelho dicroico

DMI1. O sinal de fluorescéncia passa por uma lente e por uma iris que barram a luz proveniente
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de espelhamento e de outros planos, garantindo que apenas a luz proveniente do plano focal
chegue até as fotomultiplicadoras PMT1 e PMT2, utilizadas para obteng¢do das imagens de
diferentes regidoes da banda de fluorescéncia. Apds passar pela regido confocal, o laser passa
por um espelho dicroico DM1 em 505nm. Um filtro passa banda (560-600nm) ¢ utilizado antes
da fotomultiplicadora para eliminar o restante de laser espalhado e selecionar a banda de
fotoluminescéncia a ser coletada pela PMT?2. Esta faixa de comprimento de onda ¢ escolhida

para medir a fluorescéncia da eosina.

5.5 Aquisicao e Analise de Imagens de SHG e TPEF

A andlise quantitativa dos parametros das fibras de coldgeno e segmentos celulares foi
obtida usando um pacote de software de cddigo aberto chamado PyFibre (Python Fibrous Image
Analysis Toolkit) que foi desenvolvido para realizar uma segmentagdo automatizada de
imagens em regides de coldgeno e células e extrair seus parametros (disponivel gratuito no
GitHub) (Langford, 2020). No procedimento de andlise, os sinais SHG e TPEF, bem como uma
copia dos dados da transmissdo do laser, sdo usados para melhor identificar as fibras de
coldgeno e as caracteristicas celulares nas imagens. O sinal SHG permite identificar as fibras
de coldgeno. Para mapear as localiza¢des das fibras de coldgeno como uma rede, usamos uma
versao modificada do algoritmo FIbeR Extraction (FIRE) (Stein et al., 2008; Bredfeldt et al.,
2014). Informacdes adicionais do TPEF e sinais de transmissdo sdo entdo usadas para refinar
ainda mais o limite entre as dreas fibrosas e celulares. A andlise do PyFibre gera um banco de
dados com todas as métricas extraidas das imagens para andlise, cujos detalhes podem ser
encontrados na documentagdo online do software (Langford, 2020). A segmenta¢do da imagem
permite que os célculos sejam realizados especificamente para as regides celulares e de fibras
coldgenas da imagem. Os valores das métricas avaliadas sdo utilizados como parametros de
comparacdo entre os tecidos normais e o tecido neopldsico. As medidas de coeréncia das fibras
SHG caracterizam a organizac¢do das fibras coldgenas como regides puramente isotrépicas
(valor 0) e regides em que as fibras coldgenas estdo perfeitamente alinhadas, ou anisotrépicas
(valor 1). A rede de fibras de coldgeno extraida permite medir também o ntimero de fibras e o
comprimento da fibra. A ondulacdo média da fibra é uma medida da linearidade das fibras
coldgenas extraidas das regides estromais, onde 1 significa fibras totalmente lineares e O fibras
totalmente onduladas. Os parametros da drea de cobertura da fibra e da drea de cobertura do

segmento celular sdo a porcentagem da imagem coberta pelos recursos de fibra e celular,
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respectivamente. Uma forte correlagdao negativa entre o segmento de fibra e os parametros de

cobertura do segmento celular talvez seja esperada, mas nao € garantida pelo método de anélise.

5.6 Imuno-histoquimica e imunofluorescéncia

Foram utilizados cortes histologicos de 4um de espessura para as reagdes de imuno-
hitoquimica. Foi utilizado um kit comercial de detec¢do anti-mouse/anti-rabbit (Novolink
Polymer Detection System, Leica Biosystems, Newcastle Upon Tyne, Reino Unido) conforme
as instrucdes do fabricante. Para a recuperacao dos antigenos dos receptores de estrogénio (RE),
progesterona (RP), Ki67 ¢ HER2 foi utilizada o calor a vapor (Pascal®) com citrato pH 6,0
(Dako Cytomation Target Retrieval Solution, Dako, Glostrup, Dinamarca). As ldminas com os
cortes histologicos foram incubadas com o anticorpo primario apropriado por 16 horas em
camara umida a 4°C. Os dados dos anticorpos primarios utilizados estdo na tabela 1. A
imunorreatividade foi visualizada com o cromégeno 3’-diaminobenzidina (DAB Substrate
System, Dako, Carpinteria, CA, EUA) e contrastada com a hematoxilina de Mayer (RE, RP,
Ki67, HER2 e CD68). Amostras de fragmentos de mama positivas para RE, RP, HER-2, Ki67
e CD68 serao utilizadas como controles positivos das reacdes. Para os controles negativos, o

anticorpo primario foi substituido por solugdo salina tamponada com fosfato (PBS).

Anticorpo Clone Diluicio Fabricante Recuperacio Incubacio
antigénica
RE 1D5 1:50 Dako RCU 16h/4°C
RP hPRa2 1:50 Neomarkers RCU 16h/4°C
Ki67 MIB-1 1:50 Dako RCU 16h/4°C
HER-2 Policlonal 1:200 Dako RCU 16h/4°C
CD68 KP1 Pronto para uso Dako RCU 16h/4°C

Tabela 1- Informagdes dos anticorpos utilizados na imuno-histoquimica. RCU: recuperagao com calor imido.

A coloragdo por imunofluorescéncia foi realizada conforme descrito em um estudo
anterior por Rodrigues et al. (2016) e Monteiro et al. (2018). Resumidamente, se¢des de 5 um
de fragmentos de neoplasias mamadrias caninas € humanas embebidos em parafina foram
colocadas em laminas previamente revestidas com gelatina. As amostras foram submetidas a
recuperagdo antigénica em solugdo Trilogy sob calor umido a 120°C por 20 minutos. Apds a

recuperagdo antigénica, as se¢oes foram lavadas em solucdo salina tamponada com fosfato
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(PBS) e, em seguida, permeabilizadas com PBS contendo 0,5% de Triton-X-100 (Sigma-
Aldrich). Posteriormente, a ligacdo nao especifica foi bloqueada usando PBS suplementado
com 1% de albumina sérica bovina (BSA, Sigma-Aldrich). Os dados dos anticorpos primarios
utilizados estdo na tabela 2. Para a detec¢do de iNOS2, as se¢des foram incubadas com
anticorpo secunddrio Alexa Fluor 647 goat anti-rabbit IgG (1:1000, Life Technologies).
Posteriomente os nicleos foram contracorados com DAPI (dados do DAPI) e em seguida as
laminas foram montadas usando o reagente Prolong Gold Antifade (Life Technologies).
Controles negativos foram incluidos em todas as reacoes, omitindo os anticorpos primarios. As
seguintes configuragdes de excitagdo/emissao foram usadas: DAPI (405 nm/415-480 nm),
FITC (488 nm/500-525 nm), R-PE (543 nm/550-630 nm) e Alexa Fluor 647 (630 nm/>650
nm). As imagens foram adquiridas em microscépio confocal invertido Zeiss LSM 880 (CAPI).
Os anticorpos utilizados foram padronizados em nossa rotina laboratorial, e sua especificidade
antigénica foi confirmada por meio de nossa propria pesquisa e por referéncia a outros estudos

publicados (Rodrigues et al., 2016; Monteiro et al., 2018).

Recuperacio

Anticorpo Fonte Clone Dilui¢do Fabricante Conjugado e A Incubacio
antigénica
S100A8/A9 Camundongo MAC387 1:400 Abcam FITC RCU
Complex 16h/4°C
Beckman
CD206 Camundongo 3.29B1.10 1:100 Coul R-PE RCU
oulter 1 hora, TA
NOS2 Coelho Policlonal 1:100 Santa Cruz - RCU 16h/4°C

Tabela 2 - Informagdes dos anticorpos utilizados na imunofluorescéncia. RCU: recuperag@o com calor iimido.

5.6.1 Avaliacao da imunoexpressiao para determinacio do imunofenétipo

A leitura das 1aminas para determinacdo dos imunofenétipos foi realizada conforme a
Organizacdo Mundial da Sadde (WHO, 2019) para as neoplasias mamdrias humanas e
conforme o Consensus for the Diagnosis, Prognosis and Treatment of Canine Mammary
Tumors (Cassali et al.,, 2020) para as neoplasias mamdrias caninas. Avaliamos a
imunomarcagdo do Ki67, dos receptores hormonais (RE e RP) e HER2, de modo a determinar

os imunofendtipos das amostras neopldsicas. A imunomarcacdo para Ki67 foi feita
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considerando a expressao nuclear em 500 células tumorais, observadas com uma ampliacdo de
400x. A porcentagem de células positivas foi usada para classificar a expressao de Ki67 em
baixa (< 20%) ou alta (>20%). Em relacdo aos receptores hormonais, a imunomarcagdo foi
avaliada pela intensidade da marcagdo nuclear, com quatro categorias de positividade: (+) entre
1-25%, (++) entre 26-50%, (+++) entre 51-75% e (++++) para mais de 75% das células com
imunomarcagio positiva.

A imunomarcagdo para HER?2 foi avaliada considerando a imunoexpressao membranar
das células neoplésicas. A classificacdo foi feita em quatro niveis: (-) para auséncia de marcagdo
ou marcagdo fraca/incompleta, (+) para marcagado fraca/incompleta em 10% ou mais das células
tumorais, (++) para marcacdo moderada/incompleta em mais de 10% das células tumorais e
(+++) para marcagao completa e intensa em mais de 10% das células.

Com base nesses parametros, as amostras foram categorizadas em quatro grupos de
imunofenétipos. O grupo Luminal A incluiu tumores com Ki67<20%, receptores hormonais
positivos em qualquer intensidade e HER2 negativo. O grupo Luminal B incluiu tumores com
Ki67>20%, receptores hormonais positivos em qualquer intensidade e HER2 negativo. O
fendtipo HER2 superexpresso incluiu tumores com qualquer percentual de Ki67, receptores
hormonais negativos € HER2 positivo. Finalmente, os tumores classificados como Triplo
Negativo apresentaram qualquer percentual de Ki67, receptores hormonais negativos e HER2

negativo.

5.6.2 Imunoexpressao e quantificacao dos macrofagos

A imunorreagdo foi considerada positiva para os anticorpos direcionados aos
macrofagos quando foi observada marcacdo citoplasmatica difusa ou granular, sem
envolvimento do nicleo. A identificacdo dos macréfagos foi baseada na imunorreatividade
positiva ao anticorpo especifico, além de caracteristicas morfoldgicas tipicas dessas células. A
contagem foi realizada sem conhecimento prévio da condi¢do clinica dos pacientes, com a
andlise sendo conduzida em cinco areas de maior infiltracdo ("hot-spots") identificadas
inicialmente sob baixa magnificacdo (100x) e, em seguida, imagens capturadas com aumento
de 400x. A escolha das dreas de maior infiltracdo, em vez de dreas aleatdrias, foi baseada em

sua relevancia bioldgica (Leek et al., 1996; Takeuchi et al., 2004).
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5.7 Comité de ética

O estudo com amostras caninas foi realizado conforme os principios éticos
fundamentais estabelecidos pela lei n.° 11.794, de 8 de outubro de 2008, e pelo decreto n.°
6.899, de julho de 2009, bem como pelas normas emitidas pelo Conselho Nacional de Controle
de Experimentacao Animal (CONCEA) e as diretrizes internacionais para pesquisa em animais:
Animal Research: Reporting of In Vivo Experiments (ARRIVE). Todos os protocolos
experimentais foram aprovados pela "Comissio de Etica no Uso de Animais" da UFMG, sob o
numero 83/2021.

A pesquisa com amostras de tecido humano foi previamente aprovada pela "Comissao
de Etica em Pesquisa" da UFMG (COEP-UFMG), sob o niimero 43947521.3.0000.5149/2021.
Todos os experimentos foram conduzidos conforme a Declaragdao de Helsinque. Por se tratar
de um estudo retrospectivo, realizado em laminas histopatoldgicas de arquivo, a necessidade de
consentimento informado de todos os sujeitos e/ou seus responsaveis legais foi dispensada pela

COEP-UFMG.

5.8 Analises estatisticas

A distribuicdo dos dados foi avaliada utilizando o teste de Shapiro-Wilk para amostras
menores e o teste de Kolmogorov-Smirnov para amostras maiores. Para os dados paramétricos,
foram empregados os testes ANOVA e HSD de Tukey para multiplas comparagdes de médias
entre grupos. Para os dados ndo paramétricos, foram empregados os testes Kruskal Wallis e o
teste de Dunn para multiplas comparacdes de médias entre grupos. O coeficiente de correlagao
de postos de Spearman foi utilizado para investigar a relacdo entre parametros
clinicopatolégicos, as caracteristicas das fibras de coldgeno e a infiltragdo de macréfagos nas
neoplasias mamadrias. Curvas de Kaplan-Meier foram geradas para estimar as taxas de sobrevida
especificas para o cancer, e as comparagdes entre grupos foram realizadas utilizando o teste de
log-rank de Mantel-Cox. Para as correlacOes feitas entre os parametros de coldgeno e os dados
de sobrevida global das pacientes, foram incluidas apenas pacientes tratados cirurgicamente. A
pontuacdo 1 foi atribuida aos pacientes que morreram de cancer de mama e 0 aos pacientes
vivos. Pacientes que morreram por outros motivos foram censuradas. O teste qui-quadrado e o
teste exato de Fisher foram utilizados para examinar a potencial associagdo entre as

caracteristicas das fibras de coldgeno, infiltracdo de macréfagos (como varidvel categérica) e
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os dados clinicopatolégicos, como grau histolégico, estadiamento clinico, taxa de proliferacao
celular e subtipo molecular. Tabelas de contingéncia foram utilizadas para apresentar essas
associacoes. Todas as andlises estatisticas foram realizadas utilizando o Prism (versdo 8.0,
GraphPad, San Diego, CA, Estados Unidos), com um nivel de significincia estabelecido em
p<0,05. Valores de p menores que 0,0001, 0,001, 0,01 e 0,05 sdo denotados por **#** sk sk

e *, respectivamente.
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6. RESULTADOS E DISCUSSAO

Os topicos “Resultados e Discussdo” serdo apresentados nesta sessdo sob a forma de

dois artigos cientificos. O artigo 01 foi publicado na revista Scientific Reports (anexo 01).

Identificacao do artigo publicado:
Garcia APV, Reis LA., Nunes FC., Longford FGJ, Frey JG, De Paula AM, Cassali GD. Canine
mammary cancer tumour behaviour and patient survival time are associated with collagen fibre

characteristics. Scientific Reports, v. 11, p. 5668, 2021.
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ABSTRACT

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 I invasive carcinoma, grade III 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.

Key-words: collagen fibre; collagen alignment; tumour microenvironment; breast cancer;

matrix remodelling; tumour-associated stroma.
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Mammary gland neoplasms are characterized by collagen deposition, remodelling, and
linearisation of the extracellular matrix, leading to fibrosis that promotes malignancy'?. 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.

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???%. 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?!?%23-26:2830 Thys,
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.
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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>!-*2

and Consensus for the Diagnosis,
Prognosis and Treatment of Canine and Feline Mammary Tumours®*®. 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 O to living patients.

Patients who died for reasons other than mammary cancer were not included.
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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 um 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 hour 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, PTGERI 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 XI13703736, REF MA512642, 0.4mg/mL,
1:50), HER2 (Dako Cat# AP7629¢, RRID: AB_2262284, rabbit anti-human HER?2, polyclonal
antibody, unconjugated, REF A0485, LOT 00060381, 0.50g/mL, 1:200), and Ki67 (Thermo
Fisher Scientific Cat# MAS5-31796, RRID:AB_2787419, mouse anti-human MIB1 receptor,
2A7B1 antibody, unconjugated, LOT 20067572, REF M7240, 46 mg/mL, 1:50).
Immunoreactivity 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
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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 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'”!%%, 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 pum from this position to allow for noise

filtering by the software. The images were acquired for areas of 0.47x0.47 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
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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.'”, 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 (*).
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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 publicationlg. 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 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.
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Histological n Age Staging (TNM) Histological Molecular subtype Survival
type (year) grades (months)
I Im|mx|1v | Vv I I | II HR+/ HR+/ HR+/- HR-/
Ki67 < 20%
Ki67 >20% HER2+ HER2-
Fb 12 | 342 | NA|[NA[NA|[NA|NA|NA[NA|NA NA NA NA NA NA
TC 4 713 121200040710 4 0 0 0 66.0
ICgl 16 684 | 5| 7|0 |31 (160710 13 3 0 0 86.3
ICglIIl 21 56 | 5|22 ]|10] 201|021 2 12 4 3 79.1
IMC 17 52.3 4 13 1 910 | 3| 8|2 3 8 6 0 59.5
Total 70 - 16 |14 | 3 | 22| 3 |23 | 8 |23 22 23 9 4 -

Table 1. Clinicopathological features of human mammary neoplasms. For the age and the survival, the data
are the mean values with the standard deviation in brackets. Fibroadenoma (Fb), tubular carcinoma (TC), grade I

invasive carcinoma (ICgl), grade III invasive carcinoma (ICgIIl), invasive micropapillary carcinoma (IMC). N=

number of cases. NA= not evaluated. HR= hormonal receptor.

Histological n Age Staging (TNM) Histological grades Molecular subtype Survival
type (year) (days)
1 Im | o | I1v v I 11 I HR+/ HR+/ HR+/- HR-
Ki67 Ki67 HER2+ | /HER2-
<20% >20%

BMT 15 10 NA | NA NA NA NA NA NA NA NA NA NA NA NA
MC 14 11 7131 4 0 0 11 2 1 13 1 0 0 1116.2
(& 6 8.5 0] 0| 4 0 2 0 0 6 2 4 0 0 321.8
MC 16 10.8 0] 1 2 | 10 3 2 9 5 1 7 3 5 293.9
SC 23 11.8 514 4 9 1 2 10 | 11 3 17 2 1 279.5

Total 74 - 12| 8 | 14 | 19 6 15 21 | 23 19 29 5 6 -

Table 2. Clinicopathological features of canine mammary neoplasms. For the age and the survival, the data

are the mean values with the standard deviation in brackets. benign mixed tumour (BMT), mixed carcinoma (MC),
invasive micropapillary carcinoma (IMC), carcinosarcoma (CS), solid carcinoma (SC). N= number of cases.

NA-= not evaluated.




64

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 (Figure
1A, 1E, 11 and 1M), Fb (1B, 1F, 1J and 1N), ICgI (1C, 1G, 1K and 10) and IMC (1D, 1H, 1L,
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 Figure 1M, IN 10 1P. For the canine samples, the methodology for acquiring the images
and extracting the parameters has already been thoroughly exemplified in previous
articles!”183° More details about measurements and image analyses can be found in the

'Materials and Methods' section.
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SHG

TPEF

Fibre extraction

Figure 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 pm.
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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 (ICgI) and invasive micropapillary carcinoma (IMC), there is a reduction in collagen
density and collagen fibres are organized in a preferential direction (Figs. 1G-1H and 10-1P).
ICgl has a favourable prognosis, while IMC is associated with an unfavourable prognosis®!=32-°,
Mixed carcinomas (MC) originates from the malignant transformation of benign mixed
tumours, presenting a complex histological pattern and favourable prognosis®!*3¢4243 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?>*1:3+36 n
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 figure

2.
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Figure 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 (ICgl, n=16), invasive
carcinoma grade III (ICgIII, n=21), invasive micropapillary carcinoma (IMC, n=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 (*).

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
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(indicating highly oriented and aligned fibres along a specific direction). As depicted in Figures
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.

Figures 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 O 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 to 2E) and
canine (see Supplementary Fig. S1) mammary carcinomas. Figures 2C and 2D show that the
number of collagen fibres and the area covered by fibres decrease in carcinomas compared to
NMTh and neoplastic tissues benign. Comparatively, figures 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'>'®#, Figure 2F show that the mean fibre
length is different between 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 (ICgIIl 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).
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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. Immunohistochemistry 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 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
3B), clinical staging (Fig. 3C and 3D), cell proliferation (Fig. 3E and 3F) and molecular subtype
(Fig. 3G and 3H) 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.
Conlflicting results in the literature have made it difficult to establish a consistent correlation
between HER?2 status and clinical outcome in dogs. Despite this limitation, we found that mean
fibre length inversely correlates with histological grade (Fig. 3A and 3B), clinical staging (Fig.
3C and 3D), cell proliferation (Fig. 3E and 3F) and molecular subtype (Fig. 3G and 3H) 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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Figure 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’s correlation between clinical standing and
mean fibre length in women (C, n=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’s
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 pm were grouped in the first category, while those with
carcinomas with collagen fibres larger than 27 pm were grouped in the second category. We
assigned O 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 pm
(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 Figure
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.



72

A == Fibre Length <27um
100 = Fibre Length >27um
_ p=0.0008
g HR=2.617
b Cl-= 1.381 to 4.961
3
@
t 50
]
2
[
o

0 T T

T T T 1
0 500 1000 1500 2000 2500
Days
B
30 Bl Fibre Length <27pm Czs o
85.71% 57Y .19% =, Fi »
3 B Fibre Length >27um » e - Ezre ::e"g:: z;”m
ibre Length >27pm
<
. 204 29.73% p<0.0001 p< 0.0001
2 515
2 2
5 £
z 10- Z10
21.43%
5
0- 0
<20% >20% <20% >20%
= 3 Cell proliferation rate (canine)
D Cell proliferation rate (human) E
20+ 65.52% 15 48.28% |
Bl Fibre Length <27um 46.43% == Fibre Length <27pm
B Fibre Length >27um = mm Fibre Length >27um
p=0.0137 10 p=0.0092
g 28.57%
£ 25.00%
5
z
5

10.34%

1 2 3
F Histological grading (human) G Histological grading (canine)
25 EE Fibre Length <27um Fibre L h <27
Raky 70.37% Bm Fibre Length >27um 71.43% D - F'b’e Length <27“m
20 .37% == Fibre Length >27um
=0.0079
P ” p=0.0035
32.26% 5
Z 10+ 3 26/63% z 20.00% 28.57%
5=
0_
Local di icd Local disease Metastatic desease (canine)
H |
20 65.52% . 204 )
B Fibre Length <27pm 00 == Fibre Length <27um
154 Em Fibre Length >27pm 15 53.58% mm Fibre Length >27um
= p=0.0007 . p=0.0044
2 2 .o 35.71%
E 104 § 10 26.67%
=
5 17.24% 5 13.33%
10.71%
0_

Luminal A Luminal B TN/ Her2+
Molecular subtype (canine)

Luminal A Luminal B TN/ Her2+

Molecular subtype (human)

Figure 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
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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.

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 um, 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-41). 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 um in women (Fig. 4B, 4D, 4F
and 4H) and dogs (Fig. 4C, 4E, 4G, 4I). Finally, we observed that collagen density presents an
inverse correlation with histological grade (Fig. SA and 5B), cell proliferation rate (Fig. 5C and
5D) and molecular subtype (Fig. SE) 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.
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Figure 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.
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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!®43-3! 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 cellg!®44-491-65,

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>!#>43

. 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 pattern®3*333_ 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
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sensitivity to direct cancer cells to an environment where conditions are more favourable!7#.

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 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®2.

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., 20137! 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®%?.

Another important characteristic of collagen fibres that stood out was the identification that

shorter collagen fibres are associated with an unfavourable prognosis (Fig. 2F, 3A-3F and 4B-
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41). 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 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®?. 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, ICgIII 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?!>%,

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
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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’-16:62-75,

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

Normal mémmary duct Malignant epithelial cells Collagen
Epithelial/myoepithelial cells and basament membrane

Figure 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.

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
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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 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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Parameters of the canine 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 canine normal mammary tissue (NMTc, n=12), benign mixed tumour (BMT,
n=15), mixed carcinoma (MC, n=14), carcinosarcoma (CS, n=06), invasive carcinoma
micropapillary (ICM, n=16) and solid carcinoma (CS, n=23) in canine samples (n=86). 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 (*).
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ABSTRACT

This study evaluated 70 human and 74 canine mammary tumours to investigate the relationship
between collagen fibre organization and tumour-associated macrophage (TAM) infiltration.
Using histological and imaging analyses, we found that aggressive tumours exhibited shorter
collagen fibres and higher TAM infiltration compared to less aggressive subtypes. Canine
tumours, including carcinosarcomas and invasive micropapillary carcinomas, mirrored the
patterns observed in human breast cancers, demonstrating the translational value of the canine
model. TAM density was quantified through CD68 immunostaining, and collagen fibre
organization was assessed via second harmonic generation microscopy. The study highlights
the phenotypic diversity of TAMs, with the identification of macrophage populations
expressing both M1 and M2 markers. A strong correlation between TAM infiltration and
clinicopathological parameters, such as histological grade, cell proliferation rate, and molecular
subtype, was observed. While TAM infiltration was associated with shorter collagen fibres and
tumour aggressiveness, no direct evidence of extracellular matrix remodelling by TAMs was
demonstrated, requiring further investigation to establish causal relationships. Our findings
underscore the prognostic importance of TAMs and collagen fibre modifications in breast
cancer progression. The canine model provided unique insights into the tumour
microenvironment, supporting its use in comparative oncology. These results suggest that
targeting TAM infiltration could be a promising therapeutic strategy, although additional
studies are needed to validate this approach and explore the mechanistic role of TAMs in

collagen remodelling.

Keywords: collagen fibres, tumour-associated macrophages, breast cancer, tumour

microenvironment, comparative oncology.
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Introduction

Breast cancer, a major global health challenge, remains a leading cause of morbidity and
mortality in women worldwide'. The quest for more accurate diagnostic methods and targeted
therapies has spurred research across multiple fronts, including investigating the role of the
tumour microenvironment (TME) in disease progression®?4. The TME, a complex ecosystem
comprising tumour cells, stromal cells, extracellular matrix (ECM) components, and a myriad
of signalling molecules, plays a pivotal role in regulating tumour growth, invasion, and
metastasis™**>*, Within this intricate microenvironment, collagen fibres, the primary structural
component of the ECM, emerge as key players in orchestrating tumour progression® %21,
Beyond their structural role, collagen fibres influence TME stiffness, cell migration,
angiogenesis, and the immune response. Recent studies have demonstrated that alterations in
the organization, density, and alignment of collagen fibres are associated with a poorer

prognosis in various cancer types, including breast cancer®10-13:15-21,

In addition to the ECM, the TME is also populated by a variety of immune cells, including
tumour-associated macrophages (TAMs)>2>2%, These highly plastic and adaptable cells can
exert both pro-tumoural and anti-tumoural functions, depending on the signals present in the
microenvironment>?>¥2, The infiltration of TAMs, particularly those with a pro-tumoural M2
phenotype, has been linked to a worse prognosis, therapy resistance, and decreased survival in
breast cancer patients?®3333, Recent evidence suggests an intricate interplay between collagen
fibres and TAMs within the breast cancer TME. Collagen fibre organization can influence the
recruitment, polarization, and function of TAMs, while TAMs can remodel the ECM, including
collagen fibres, through the secretion of proteases and other factors****. This bidirectional
interaction underscores the importance of investigating the relationship between collagen

alterations and macrophage density in the context of breast cancer.

In this study, we investigated the relationship between modifications in collagen fibre
organization and macrophage density in carcinomas with distinct prognoses in both human and
canine species. We also conducted a comparative analysis of macrophage infiltration in human
and canine mammary neoplasms, correlating this infiltration with clinicopathological data and

tumour collagen characteristics.
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Materials and Methods
Ethical aspects

This retrospective study adhered to the fundamental ethical principles outlined in Brazilian law
no. 11.794 (October 8, 2008) and decree no. 6.899 (July 2009), as well as the guidelines set
forth by the National Council for the Control of Animal Experimentation (CONCEA) and the
international Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines. All
experimental protocols involving canine tissues were approved by the Ethics Committee on the

Use of Animals at UFMG (protocol number 83/2021).

The research on human tissue samples was conducted in accordance with the Declaration of
Helsinki and received prior approval from the Research Ethics Committee at UFMG (COEP-
UFMGQG) under protocol number 43947521.3.0000.5149/2021. As this study utilized archival
histopathological slides, the requirement for informed consent from individual subjects was

waived by the COEP-UFMG.

Case selection

This retrospective study encompassed the analysis of 59 human breast tumour samples and 65
canine mammary tumour samples. The canine samples were obtained from the archives of the
Comparative Pathology Laboratory at the Federal University of Minas Gerais (UFMG), Brazil,
while the human samples were retrieved from the biopsy sector archives of the Faculty of
Medicine at UFMG. Both the canine and human tumour samples originated from naturally
occurring neoplasms in patients receiving treatment at the UFMG Veterinary Hospital and the
UFMG Hospital das Clinicas, respectively. Healthy canine mammary tissue samples were
collected from mammary tissues without apparent abnormalities located in the same mammary
chain of dogs diagnosed with benign tumours or carcinomas in mixed tumours, which are
associated with a favourable prognosis. Healthy human breast tissue samples were obtained
from breast reduction surgeries conducted at the UFMG Hospital das Clinicas. Samples were
selected based on the availability of comprehensive information regarding tumour size,
presence or absence of regional or distant metastasis, and histological grade. Samples were
selected based on the availability of comprehensive information regarding tumour size,

presence or absence of regional or distant metastasis, and histological grade.
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Performing immunohistochemistry

For immunohistochemical analysis, tissue sections were prepared at a thickness of 4 um. The
staining procedure was conducted using a commercially available anti-mouse/anti-rabbit
detection kit (Novolink Polymer Detection System, Leica Biosystems, Newcastle Upon Tyne,
United Kingdom, REF RE7158, LOT 6092583) according to the manufacturer's guidelines.
Antigen retrieval for ER, PR, Ki67, and HER2 was achieved through steam heating (Pascal®)
in a citrate buffer (Invitrogen by Thermo Fisher Scientific, 10X low pH, REF 00-4955-58, LOT
2410220, Life Technologies’ Corp., 5781 Van Allen Way, Carlsbad, CA92008). The sections
were then incubated with the respective primary antibodies for 1 hour at 4 °C in a humidified
chamber. The primary antibodies employed in this study included ER (Dako Cat# ER-14-0481,
RRID:AB 1545347, goat anti-human EP1 receptor, PTGERI 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 X13703736, REF MA512642, 0.4mg/mL,
1:50), HER2 (Dako Cat# AP7629¢, RRID: AB 2262284, rabbit anti-human HER2, polyclonal
antibody, unconjugated, REF A0485, LOT 00060381, 0.50g/mL, 1:200), Ki67 (Thermo Fisher
Scientific Cat# MAS5-31796, RRID:AB_ 2787419, mouse anti-human MIB1 receptor, 2A7B1
antibody, unconjugated, LOT 20067572, REF M7240, 46 mg/mL, 1:50) and CD68 (Dako;
clone KP1, FLEX RTU; monoclonal mouse anti-human; unconjugated; ready-to-use

antibody).

The visualization of immunoreactivity was accomplished using 3,3'-diaminobenzidine
chromogen (Novolink Polymer Detection System, Leica Biosystems, Newcastle Upon Tyne,
United Kingdom, REF RE7158, LOT 6092583) and counterstaining with Mayer's
haematoxylin. Positive controls for the reactions utilized fragments of canine and human
mammary tissues known to express HER-2, ER, PR, Ki67, and CD68. Negative controls were
prepared by omitting the primary antibody and proceeding with the addition of chromogen. The
evaluation of the slides, quantification of immunoreactivity, and classification of
immunophenotypes adhered to the World Health Organization guidelines for human samples
(WHO, 2019)*? and the criteria established by Nunes et al. (2022)* for canine samples. The
antibodies used in this study have been standardized in our laboratory routine, and their
specificity has been validated through our research and corroborated by findings in published

studies45'51’53'55.
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The cell proliferation rate was determined based on Ki67 counts. The molecular subtypes of
both human mammary carcinomas were categorized as follows: 1 for luminal A (positive
hormone receptors, HER2-negative, and proliferative rate <20%), 2 for luminal B (positive
hormone receptors, HER2-negative, and proliferative rate >20%), 3 for HER2-positive
(positive or negative hormone receptors and HER2-positive, regardless of proliferative rate),
and 4 for triple-negative (negative hormone receptors and HER2-negative, regardless of

proliferative rate).

The presence of CD68-positive macrophages was determined by observing cytoplasmic diffuse
or granular staining (excluding nuclear staining) in cells exhibiting macrophage morphology,
characterized by large, irregularly shaped cells with abundant cytoplasm. Macrophages
typically present a kidney-shaped or oval nucleus and may show varying degrees of cytoplasmic
vacuolation. These cells are distinguishable from other cell types by their distinct morphology,
which includes a relatively large size, uneven cellular boundaries, and the presence of clear,
well-defined cytoplasm surrounding the nucleus. The number of stained TAMs was quantified
within each tumour by identifying five 'hot spot' areas at low magnification and subsequently
capturing images at x400 magnification. The selection of these hot spots was performed without
prior knowledge of the patients' clinical data, as these regions are considered to be biologically
significant in tumour progression**>*. The median TAM count was used as a cut-off point to

classify tumours into high and low TAM groups.

Performing immunofluorescence

Immunofluorescence staining was conducted as outlined in a previous study by Rodrigues et
al. (2016)** and Monteiro et al. (2018)>*. Briefly, 5-um sections of paraffin-embedded tumours
were placed on slides previously coated with gelatin. The samples were subjected to antigen
retrieval in Trilogy solution under moist heat at 120°C for 20 min. Following antigen retrieval,
sections were rinsed in phosphate-buffered saline (PBS) and then permeabilized with PBS
containing 0.2% Triton-X-100 (Sigma-Aldrich). Subsequently, non-specific binding was
blocked using PBS supplemented with 1% bovine serum albumin (BSA, Sigma-Aldrich). Immu
nostaining was performed with antibodies ST00A8/A9 complex (anti-mouse; clone MAC387;
1:400; ABCAM; FITC-conjugated; incubated for 16 hours at 4°C); iNOS (anti-rabbit;
polyclonal; 1:100; Santa Cruz; incubated for 16 hours at 4°C) and CD206 (anti-mouse; clone
3.29b1.10; 1:100; Beckman Coulter; R-PE-conjugated; incubated for 1 hour at room
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temperature). For iNOS detection, sections were further incubated with Alexa Fluor 647 goat
anti-rabbit IgG secondary antibody (1:1000, Life Technologies). The nuclei were
counterstained with DAPI. After three washes in PBS, samples were mounted using Prolong
Gold Antifade reagent (Life Technologies). Negative controls were included in all reactions by
omitting the primary antibodies. The following excitation/emission settings were used: DAPI
(405 nm/415-480 nm), FITC (488 nm/500-525 nm), R-PE (543 nm/550-630 nm), and Alexa
Fluor 647 (630 nm/>650 nm). Images were acquired on an inverted Zeiss LSM 880 confocal
microscope (CAPI). 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>*°.

Acquisition and analysis of images generated from multiphoton microscopy

Two-photon microscopy was performed on haematoxylin and eosin (H&E) stained histological
slides prepared from healthy or neoplastic mammary tissue biopsies. Biopsies were obtained
through procedures such as setorectomy, simple mastectomy, or unilateral/bilateral radical
mastectomy, depending on factors including tumour size, location, lymphatic involvement, and
clinical stage. The canine samples, collected between 2009 and 2020, were histologically
classified according to the Consensus for the Diagnosis, Prognosis and Treatment of Canine
and Feline Mammary Tumours*>!. The human samples, collected between 2010 and 2020,

were classified according to the World Health Organization criteria®.

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 acquisition and analysis of second harmonic generation (SHG) and two-
photon excited fluorescence (TPEF) images were performed as previously described (Reis et
al., 2019; Garcia et al., 2021; Garcia et al., 2024). Briefly, 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. The SHG and TPEF signals were acquired from selected intratumoural and normal
areas and further analysed using PyFibre, an open-source software package that we specifically

designed for the automated segmentation of images and extraction of collagen fibre and cell
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segment parameters. Data were extracted and analysed according to Reis et al. (2020)'®, Garcia

etal. (2021)", Gomes et al. (2023), and Garcia et al. (2024)?".

Statistical analysis

The distribution of the data was assessed using the Shapiro-Wilk test. Given the data
characteristics, we employed ANOVA and Tukey's HSD test for multiple comparisons of
means between groups. Spearman's rank correlation coefficient was utilized to investigate the

relationship between clinicopathological parameters and macrophage infiltration.

For the analysis of correlations between collagen fibre organization parameters, macrophage
infiltration in tumours, and patient-specific survival, data were included only from patients
treated with surgery alone. Survival was assessed by assigning a score of 1 to patients who
succumbed to breast cancer and 0 to those who remained alive. Patients who died from causes
unrelated to breast cancer were excluded from this analysis. Kaplan-Meier curves were
generated to estimate cancer-specific survival rates, and group comparisons were conducted

using the Mantel-Cox log-rank test.

The chi-square test and Fisher's exact test were used to examine the potential association
between macrophage infiltration (as a categorical variable) and other categorical variables,
including histological grade, clinical stage, cell proliferation status, and molecular subtype.
Contingency tables were used to present these associations. All statistical analyses were
performed using Prism (version 8.0, GraphPad, San Diego, CA, United States), with a
significance level set at p < 0.05. P-values less than 0.0001, 0.001, 0.01 and 0.05 are denoted

by ek kxS, and *, respectively.

Results
Caracterization of the analyzed samples

In the human cohort, patient follow-up ranged from 05 to 10 years, with complete follow-up
data available for 43 out of 59 patients. At the study's conclusion, 06 women had died, and 37
were alive. The distribution of patients across clinical stages was as follows: 04 with TC (02

alive, 02 lost to follow-up), 16 with ICglI (1 deceased, 14 alive, 01 lost to follow-up), 21 with
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ICgIII (18 alive, 03 lost to follow-up), and 17 with IMC (05 deceased, 09 alive, 03 lost to
follow-up).

The canine cohort was followed up for a minimum of 02 years and a maximum of 05 years,
with complete follow-up data available for 55 out of 65 dogs. At the study's end, 46 patients
had died, and 09 were alive. The distribution of patients based on clinical staging was as
follows: 14 with CMT (07 deceased, 07 alive), 16 with MC (14 deceased, 20 lost to follow-up),
06 with CSS (all deceased), and 23 with CAS (19 deceased, 02 alive, 02 lost to follow-up).
Complete clinical staging information was unavailable for three patients with IMC. Women

with Fb and dogs with BMT were not included in the follow-up analysis.

Increased TAM infiltration is associated with tumours of poor prognosis

Figure 1 and figure 2 illustrate the immunostaining of intratumoral macrophages in canine and
human mammary carcinomas. Figure 1 depicts positive immunostaining for CD68 in carcinoma
in mixed tumours in dogs (A), invasive carcinoma grade I in women (B), carcinoma with a solid
arrangement in dogs (C), invasive carcinoma grade III in women (D), invasive micropapillary
carcinoma in dogs (E), and invasive micropapillary carcinoma in women (F). Figure 2
highlights the comparative analysis of macrophage infiltration in tumours with favourable
prognosis (CMT and TC) versus those with unfavourable prognosis (CSA, ICgIII, canine IMC,
and human IMC). These data reveal greater macrophage infiltration in carcinomas associated

with an unfavourable prognosis.
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Figure 01: Immunohistochemical staining of intratumoral macrophages in canine and
human mammary carcinomas. Intratumoral macrophages in carcinoma in mixed tumour in
dogs (A), invasive carcinoma grade I in women (B), carcinoma with solid arrangement in dogs
(C), invasive carcinoma grade III in women (D), invasive micropapillary carcinoma in dogs (E)

and invasive micropapillary carcinoma in women (F).

Figure 2A and 2B present the comparison of macrophage infiltration across different
histological subtypes of canine (CMT, CS, CAS, and IMC) and human (TC, ICgI, ICgIII, and

IMC) mammary neoplasms. Each data point in the figures represents the macrophage count in
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an individual tumour, while the box plots display the median and interquartile range for the

distributions. Statistically significant differences between groups are indicated by asterisks.

Analysis of macrophage infiltration in canine mammary neoplasms revealed that CMT, the
carcinoma with the most favourable prognosis, exhibited lower macrophage infiltration
compared to the more aggressive tumour subtypes (CS, CAS, and IMC) (Figure 2A).
Additionally, we observed greater variability in macrophage infiltration within the CS, CAS,
and IMC subtypes, with some tumours displaying substantially higher infiltration compared to
the majority within the same subtype. Similarly, in human mammary neoplasms, the less
aggressive tumours (TC and ICgl) showed lower macrophage infiltration compared to the more
aggressive subtypes (ICgIIl and IMC) (Figure 2B). A similar trend of increased variability in
macrophage infiltration was also noted in the ICgIII and IMC subtypes, with certain tumours

exhibiting markedly higher infiltration compared to others within the same subtype.

3k ok ok
A B } |
. *okokok | So—
. | 2
} *ok ok K | 800- ; *oK oKk ;
I 1
800 * %k Py i * %k %k i
. . | :
. . 600 °
600 Sose @ °
& >
= £
2 - S 400-
2 400 = L]
= 8
3 “ =
T | . M :
0 T T T T 0 T T T T
CMT CS CAS IMC TC ICgl ICglll IMC
Histological subtype (canine) Histological subtype (human)
C D
1 324
354 p<00001 . p< 0.0001
E Te ® r=-0.7703 E 30 r=-0.6105
= Z 97 @
£ 1 ® = * ? Q:
- . W Tog] Teamee®
g30Jeat, * . 3 o« Awa s
£ 18 %> o % S26f * "es o L ST T
i 1 *“ * ic .
E E LI r .... Y < . .. A .
g 257 & & Geo § 24+ & .
® [ ]
A— A— T . 22 r ; . .
200 400 600 800 0 200 400 600 800

Macrophage (canine)

Macrophage (human)



101

Figure 02: Macrophage infiltration in canine and human mammary carcinomas. The
figure presents the results of the ANOVA and Tukey tests comparing the amount of infiltrating
macrophages between the histological subtypes carcinoma in mixed tumor (CMT, n=21),
carcinosarcoma (CS, n=05), carcinoma with solid arrangement (CAS, n=23) and invasive
micropapillary carcinoma (IMC, n=16) in the canine species (A) and between the histological
subtypes tubular carcinoma (TC, n=04), invasive carcinoma grade 1 (ICgl, n=16), invasive
carcinoma grade III (ICgIII, n=22) and invasive micropapillary carcinoma (IMC, n=17) in the
human species (B). The figure also presents Spearman's correlation test between macrophage

infiltration and the mean fibre length in canine (C) and human (D) mammary neoplasms.

Carcinomas with shorter collagen fibres have the highest TAM infiltration

Figure 2C and 2D illustrate the relationship between macrophage infiltration and collagen fibre
length in mammary carcinomas. Figure 2C shows a scatter plot with a strong negative
correlation (p < 0.0001, r = -0.7703) between the quantity of infiltrating macrophages and the
mean length of collagen fibres in canine mammary carcinomas, indicating that tumours with
higher macrophage infiltration tend to present shorter collagen fibres. Similarly, figure 2D
presents a scatter plot demonstrating a moderate negative correlation (p < 0.0001, r = -0.6105)
in human breast carcinomas, suggesting that tumours with higher macrophage infiltration also

exhibit shorter collagen fibres.

More aggressive carcinomas exhibit higher TAM infiltration

To investigate the impact of TAM infiltration on the behaviour of human and canine mammary
carcinomas, we examined the relationship between macrophage infiltration and various
clinicopathological parameters, including clinical stage, cell proliferation rate, molecular
subtype, and histological grade. Immunohistochemical analysis was performed on 58 human
and 59 canine mammary carcinoma samples. The results of these correlations are presented in
figure 3. In this analysis, increased carcinoma aggressiveness was associated with factors such
as higher histological grade, increased likelihood of local and/or distant metastasis, elevated
cell proliferation rate, and a greater probability of exhibiting "triple-negative" or "HER2-

overexpressed" molecular subtypes.
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The application of human molecular subtypes to canine mammary carcinomas, while common,
has yielded inconsistent prognostic value, particularly concerning HER2 overexpression. The
literature presents conflicting results regarding the correlation between HER2 status and clinical
outcomes in dogs. Despite this limitation, we observed a direct correlation between TAM
infiltration and clinical stage (Figs. 3A-3D), cell proliferation rate (Figs. 3E and 3F), molecular
subtype (Figs. 3G and 3H) and a histological grading (Figs. 31 and 3J) in both canine and human
subjects. These data highlight the association between increased tumour aggressiveness and
elevated TAM infiltration. Our findings suggest that macrophage infiltration in both canine and
human mammary carcinomas is linked to features indicative of heightened tumour
aggressiveness, including advanced clinical stage, high cell proliferation rate, unfavourable

molecular subtypes and highest histological grade.
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Figure 03: Correlation between clinicopathological parameters and macrophage
infiltration in dogs and women. Spearman’s correlation between clinical staging and
macrophage infiltrate in dogs (A and C, n=65) and women (B and D, n=59). Spearman’s
correlation between cell proliferation and macrophage infiltrate in dogs (E, n=65) and women
(F, n=59). Spearman’s correlation between molecular subtype and macrophage infiltrate in
dogs (G, n=65) and women (H, n=59). Spearman’s between histological graduation and

macrophage infiltrate in dogs (G, n=65) and women (H, n=59).

To assess the impact of TAM infiltration on patient survival in dogs, we established a cut-off
point independent of histological subtype, grade, clinical stage, cell proliferation rate, and
molecular subtype. The median TAM infiltration value (400) was calculated from the data
arranged in ascending order and used to categorize patients into two groups. The first group
included dogs with carcinomas exhibiting less than 400 infiltrating macrophages, while the
second group comprised those with carcinomas showing more than 400 infiltrating
macrophages. Survival status was assigned as 0 for dogs alive at the study's end and 1 for those
that died from mammary carcinoma. The Kaplan-Meier survival curve (Figure 4A)
demonstrates that dogs with carcinomas and higher macrophage infiltration (dashed red line)
had a median survival of 168 days. In contrast, those with lower macrophage infiltration (blue
line) had a median survival of 558 days. These findings underscore that more aggressive
carcinomas, associated with an unfavourable prognosis, exhibit a greater degree of macrophage

infiltration compared to less aggressive carcinomas with a favourable prognosis.
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Figure 04: Survival curve for dogs and association between clinicopathological
parameters and macrophage infiltration in women and dogs. Kaplan—Meier curve showing
the separation of cases by mean macrophage infiltrate (A, n=59). Contingency plots presenting
data from chi-square analysis (B and C) and Fisher's exact test (D, E, F, G, H and I) to evaluate
the association between clinicopathological data and the mean macrophage categorized in dogs
and women. 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
histological grade (B, n=65) cell proliferation rate (D, n=65), local or metastatic disease (F,
n=65), molecular subtype (H, n=65) and macrophages categorized as high or low infiltration
based on a cut-off point of 400 macrophages in dogs. Association between histological grade
(C, n=59) cell proliferation rate (E, n=59), local or metastatic disease (G, n=59), molecular
subtype (I, n=59) and macrophages categorized as high or low infiltration based on a cut-off
point of 250 macrophages in women. Error bar, not included because it is the evaluation of

categorical data.

In the human cohort, it was not feasible to construct a cancer-specific survival curve using the
same methodology as for the canine cohort. This is attributed to the fact that approximately
85% of the human patients in the study are currently alive and under medical follow-up.
Consequently, median survival was not reached in any of the stratified groups, precluding
further survival analysis. However, to highlight the clinical relevance of our findings in breast
oncology, we investigated the association between macrophage infiltration and
clinicopathological factors known to impact patient survival. The median macrophage
infiltration value (250) was determined from the data and used to establish a cut-off point for

categorizing patients.

The cut-off values of 400 infiltrating macrophages for the canine species and 250 infiltrating
macrophages for the human species were used to stratify patients into two distinct groups. In
the canine cohort, those diagnosed with carcinomas exhibiting more than 400 infiltrating
macrophages were assigned to the first group, while those with fewer than 400 infiltrating
macrophages were placed in the second group (Fig. 4B, 4D, 4F, 4H). Similarly, in the human
cohort, women diagnosed with carcinomas with more than 250 infiltrating macrophages were
categorized into the first group, while those with fewer than 250 infiltrating macrophages were

assigned to the second group (Fig. 4C, 4E, 4G, 41).
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To examine the potential association or independence between macrophage infiltration and
clinicopathological data, we conducted analyses using Fisher's Exact Test and the chi-square
test. The results indicate that higher histological grade, elevated proliferative rate, presence of
local and/or distant metastases, and the "triple-negative" and "Her2-overexpressed" molecular
subtypes are associated with carcinomas exhibiting higher macrophage infiltration in both

canine (Fig. 4B, 4D, 4F, and 4H) and human (Fig. 4C, 4E, 4G, 4I) subjects.

Intratumoral TAMs express M1 and M2 markers concurrently

After verifying that a higher infiltration of macrophages was associated with a worse prognosis
in both dogs and women, and worse survival in dogs, we sought to identify the profile of
intratumoural macrophages in the studied mammary neoplasms in dogs (Figure 05) and women
(Figure 06). Figure 05 shows positive staining for DAPI (A, E, J, O), SI00A8/A9 (B, F, K, P),
CD206 (C, G, L, Q), iNOS (D, H, M, R) and visual representation of overlapping expression
of DAPI, SI00A8/A9, CD206 and iNOS (E, I, N, S) in carcinoma in mixed tumours, carcinoma
with solid arrangement, invasive micropapillary carcinoma, and carcinosarcoma in dogs. Figure
06 shows positive staining for DAPI (A, E, J, O), SI00A8/A9 (B, F, K, P), CD206 (C, G, L,
Q),iINOS (D, H, M, R) and visual representation of overlapping expression of DAPI,
S100A8/A9, CD206 and iNOS (E, I, N, S) in tubular carcinoma, invasive carcinoma grade I,
invasive micropapillary carcinoma, and invasive carcinoma grade III in women. We identified
four  distinct patterns:  S100A8/A97/iNOS/CD2067,  S100A8/A9'/iNOS'/CD206",
S100A8/A9/iNOS/CD206", and SI00A8/A9"/iNOS'/CD206".
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Figure 05: Macrophage profile in canine mammary carcinomas. Confocal
immunofluorescence images of canine mammary carcinomas, showing inducible nitric oxide
synthase (iNOS; magenta), CD206 (red), SI00A8/A9 (green) and DAPI (blue) overlay images
distinguishing between different macrophage phenotypes. DAPI (A, E, J, O), SI00A8/A9 (B,
F, K, P), CD206 (C, G, L, Q), iNOS (D, H, M, R) and merge of DAPI, SI00A8/A9, CD206 and
iNOS (E, I, N, S) in carcinoma in mixed tumours, carcinoma with solid arrangement, invasive
micropapillary carcinoma, and carcinosarcoma. Nuclei were revealed by DAPI staining (blue)
and merged images demonstrate the cytoplasmic localisation of the evaluated proteins. Images

are representative of observations from three independent experiments.
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Figure 06: Macrophage profile in human mammary carcinomas. Confocal
immunofluorescence images of human mammary carcinomas, showing inducible nitric oxide
synthase (iNOS; magenta), CD206 (red), SIO0A8/A9 (green) and DAPI (blue) overlay images
distinguishing between different macrophage phenotypes. DAPI (A, E, J, O), SI00A8/A9 (B,
F, K, P), CD206 (C, G, L, Q), iNOS (D, H, M, R) and merge of DAPI, SI00A8/A9, CD206 and
iNOS (E, I, N, S) in tubular carcinoma, invasive carcinoma grade I, invasive micropapillary
carcinoma, and invasive carcinoma grade III. Nuclei were revealed by DAPI staining (blue)
and merged images demonstrate the cytoplasmic localisation of the evaluated proteins. Images

are representative of observations from three independent experiments.

Discussion

The present study establishes a strong correlation between the quantity of tumour-associated

macrophages (TAMs) and the length of collagen fibres within tumours, suggesting that this
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interaction plays a crucial role in disease progression. The negative correlation observed
between macrophage infiltration and collagen fibre length indicates that the presence of
macrophages may be linked to the remodelling of the extracellular matrix, resulting in a
decrease in collagen fibre length. The remodelling of the extracellular matrix by TAMs is a
complex process involving the secretion of various enzymes and cytokines, which can lead to
the degradation and reorganisation of collagen fibres. The decrease in collagen fibre length
observed in tumours with high macrophage infiltration could be attributed to the increased
activity of matrix metalloproteases (MMPs) and other proteolytic enzymes secreted by TAMs.
The degradation of collagen fibres may facilitate tumour cell invasion and metastasis by
creating pathways for tumour cells to migrate through the extracellular matrix. Additionally,
the altered collagen fibre architecture may promote angiogenesis and provide a supportive

microenvironment for tumour growth.

Our results demonstrate that alterations in collagen fibres, such as decreased length and
increased organisation, are associated with a poorer prognosis and reduced survival in both
canine and human patients. The increase in the organisation and alignment of collagen fibres
may create a physical barrier that hinders the penetration of immune cells and therapeutic agents
into the tumour, contributing to treatment resistance and disease progression. Additionally, the
altered collagen fibre architecture may promote tumour cell migration and invasion by
providing tracks for cells to move along. These observations corroborate previous studies
indicating that changes in collagen fibre organisation and density are associated with a worse

prognosis in various cancer types, including breast cancer’-’6,

TAMs play a crucial role in metastasis by promoting extracellular matrix remodelling and
tumour cell migration. In more advanced stages of cancer, the cytokine TGF-f, produced by
TAMs, contributes to epithelial-to-mesenchymal transition, a fundamental process for the
invasion and metastasis of cancer cells’”*°. Studies in canine mammary carcinomas reinforce
the role of TAMs in the progression and prognosis of breast cancer, showing that high TAM
infiltration is associated with aggressive clinicopathological features, such as invasion and
lymph node metastasis, as well as poorer overall survival. Although TAM infiltration is related
to the progression of mammary carcinoma, no significant associations were found between

increased TAM infiltration and tumour histological grade®*™.

Furthermore, the study reveals a direct correlation between TAM infiltration and clinical stage,

cell proliferation rate, molecular subtype, and histological grade in both canine and human



111

mammary carcinomas. This observation suggests that macrophage infiltration is linked to
features indicative of heightened tumour aggressiveness. TAMs can promote tumour growth,
angiogenesis, and metastasis through the secretion of various growth factors, cytokines, and
chemokines®”#1-** The increased infiltration of TAMs in more aggressive tumours may
contribute to the accelerated progression of the disease and a worse prognosis, as evidenced by
the shorter survival observed in dogs with high macrophage infiltration. The comparative
analysis between humans and dogs highlights the potential of the canine model for breast cancer
research, demonstrating notable similarities in the relationship between macrophage
infiltration, collagen fibre alterations, and clinicopathological parameters in both species. The
spontaneous nature of canine mammary tumours and their similarities to human breast cancer
in terms of clinical presentation, histological features, and molecular alterations make them a

valuable model for translational research.®-%%

Depending on their polarisation, macrophages can be classified as M1 or M2. M1 macrophages,
classically activated, are induced by factors such as IFN-y and LPS and have cytotoxic effects
on cancer cells. M1 macrophages express the SI00A8/A97/iNOS*/CD206™ pattern®”->*?34_ This
combination of markers indicates a pro-inflammatory phenotype, with the presence of
S100A8/A9 and iNOS, and the absence of CD206, which is a marker associated with M2
macrophages with an anti-inflammatory profile®®. In contrast, M2 macrophages, alternatively
activated, are stimulated by cytokines such as IL-4, IL-10, and TGF-J, and contribute to tumour
promotion by providing a nutritional advantage for cancer cells and suppressing anti-tumour
immune responses®’?%#3% M2 macrophages express the SI00A8/A9"/iINOS/CD206" pattern.
This combination of markers suggests an anti-inflammatory phenotype, characterized by the
presence of SI00A8/A9 and CD206, and the absence of iNOS, a marker typically associated
with pro-inflammatory M1 macrophages®. Generally, TAMs are predominantly polarised

towards M2 macrophages, promoting tumour progression and metastasis®’-2%83:95-9%,

Our findings demonstrate a clear association between macrophage phenotype and tumour
prognosis in both canine and human mammary carcinomas. Carcinomas with a worse prognosis
tend to express more CD206 than iNOS. Specifically, in canine mammary carcinomas, solid
carcinomas, carcinosarcomas, and invasive micropapillary carcinomas exhibited a higher
proportion of macrophages expressing CD206 compared to iNOS, in contrast to mixed tumours,
which displayed fewer CD206+ macrophages. Similarly, in human breast carcinomas, invasive
micropapillary carcinomas and invasive grade III carcinomas showed a predominance of

CD206+ and iNOS- macrophages when compared to tubular carcinomas and invasive grade I
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carcinomas. These findings highlight the association of a greater presence of CD206+
macrophages with more aggressive tumour subtypes, reinforcing their role in tumour

progression and immune suppression®>433-83:94.95.102

Although S100A8/A9 is often associated with inflammatory processes and the recruitment of
myeloid cells, its expression can also be detected in M2 macrophages in certain contexts, such
as wound healing and some tumours’®1%2. CD206, a classical marker of M2 macrophages, is
linked to tissue repair, angiogenesis, and immune suppression. In contrast, iNOS is a hallmark
of M1 macrophages, which are primarily involved in inflammatory responses and tumour cell
destruction. The predominance of CD206+ macrophages in more aggressive tumours suggests
a significant shift towards the M2 phenotype, with decreased expression of iNOS in these

ConteXtSZ9,83,94,95, 102 )

The polarization of macrophages into M1 or M2 phenotypes appears to be heavily influenced
by the tumour microenvironment?-3>83:9495-102 T tymours with a favourable prognosis, signals
such as IFN-y may favour the M1 phenotype, whereas in more aggressive tumours, the
dominance of cytokines like IL-4, IL-10, and TGF- favours the M2 phenotype. This shift not
only reflects the immune evasion strategies of aggressive tumours but also underscores the role

of macrophages in shaping the tumour's clinical behaviour>*>>9495-102,

In canine mammary tumours, the findings highlight the similarities and differences compared
to human breast carcinomas. Both species exhibit a clear association between M2 macrophages
and poor prognostic indicators, suggesting that the underlying mechanisms driving macrophage
polarization and function are conserved across species. However, canine mammary tumors
serve as a valuable model for investigating macrophage-tumor interactions, owing to their
spontaneous development and remarkable histological heterogeneity. These features make
them highly comparable to human breast cancer, offering significant insights into tumor biology

and immune responses in a naturally occurring setting.

To further understand the phenotype of these TAMs, it is essential to conduct more detailed
analyses of the different TAM subsets, considering their location within the tumour, to develop
more effective therapies. Advanced technologies, such as multiplex IF and mass cytometry, are
enabling a deeper understanding of TAM diversity and plasticity, revealing the complexity of
their functions in the tumour microenvironment and providing insights for the development of

new therapeutic strategies!**!7. Furthermore, the comparative study of canine and human
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mammary carcinomas may provide valuable insights into the translational potential of these

approaches.
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Figure 07: Carcinomas with an unfavourable prognosis have greater infiltration of tumor-
associated macrophages and shorter fibres. Carcinomas with a favourable prognosis and low
proliferative rate present longer collagen fibres and few infiltrating macrophages, capable of
limiting neoplastic growth. In carcinomas with an unfavourable prognosis and high
proliferative rates, collagen fibres are shorter and there is greater infiltration of macrophages.
This is unable to limit this growth, allowing tumour expansion. The observed reduction in
collagen fibre length within the tumour stroma may be attributed to the increased presence of
tumor-associated macrophages and their active involvement in extracellular matrix
remodelling. The resulting stiffening of the stromal microenvironment could potentially create
tracks that facilitate the metastatic spread of cancer cells to lymph nodes and distant organs,

such as the lungs, liver, brain, and bone. Created by BioRender.
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Conclusions

This study provides robust evidence for the importance of the interplay between collagen fibres
and TAMs in breast cancer progression, with significant prognostic implications. The
infiltration of TAMs emerges as a promising biomarker for assessing tumour aggressiveness
and the risk of disease progression. Our study highlights the significant role of macrophages
and collagen fibres in the tumour microenvironment of canine and human mammary
carcinomas. We observed that macrophage phenotypes are strongly associated with tumour
prognosis, with M2-polarized macrophages predominating in aggressive tumours, while M1
macrophages were more frequent in tumours with a favourable prognosis. Additionally,
alterations in collagen fibre length were linked to poorer prognostic indicators in both species,
reinforcing the critical role of the extracellular matrix in tumour progression. It is important to
note that while survival analysis was performed in canine cases, no survival analysis was
conducted for the human samples in this study. Therefore, future research should aim to address
this gap, evaluating the relationship between collagen alterations, macrophage polarization, and
survival outcomes in human breast cancer. Such studies could provide deeper insights into the
translational relevance of these findings and support the development of targeted therapeutic

strategies for both species.
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7. CONCLUSOES

Por meio da técnica de microscopia multifotdnica, foram avaliados o comprimento
médio das fibras coldgenas, o niimero de fibras coldgenas, a area coberta por fibras, a 4rea
coberta por células e orientacdo das fibras coldgenas em amostras de glandula mamaria
sauddvel e neopldsica humanas e caninas. Os resultados mostraram alteragdes significativas nas
fibras coldgenas dos tumores em comparacdo com o tecido normal. Foi observada uma
diminui¢do do comprimento médio das fibras e um aumento da organizacao dessas fibras nos
tumores, especialmente nos casos com pior progndstico.

A imuno-histoquimica foi empregada para avaliar a expressao de receptores hormonais
(RE e RP), HER2 e Ki67, o que permitiu realizar a classificagdo molecular dos tumores. Essa
caracterizacdo foi essencial para correlacionar as alteracdes no coldgeno e a infiltracdo de
macréfagos com o fenétipo tumoral. Carcinomas com progndstico desfavoravel, como os de
alto grau e com elevada taxa de proliferacao celular, apresentaram fibras coldgenas mais curtas,
menor densidade de fibras e maior infiltragdo de macréfagos M2, tanto em mulheres quanto em
cadelas.

No estudo, foi estabelecida uma associacdo entre o comprimento médio das fibras
coldgenas e o tempo de sobrevida global em caes. As cadelas diagnosticadas com carcinomas
contendo fibras coldgenas mais curtas e maior infiltracdo de macréfagos apresentaram um
tempo de sobrevida global reduzido. Esse achado foi corroborado pela correlacdo entre a
infiltracao de macréfagos associados ao tumor e caracteristicas de maior agressividade tumoral,
sugerindo o papel dos macréfagos no remodelamento da matriz extracelular e na progressao
tumoral.

Além disso, foram identificados quatro padrdes distintos de macréfagos associados aos
tumores (MO, M1, M2 e M1/M2), com infiltracio predominantemente de macréfagos M2 em
tumores de pior prognéstico. A correlagdo negativa entre a infiltracio de TAMs e o
comprimento das fibras de coldgeno reforca a ideia de que esses macréfagos desempenham um
papel central no remodelamento do estroma tumoral, promovendo a progressdao do cancer.

Este trabalho demonstrou uma significativa correlacio entre a infiltracdo de
macréfagos, as alteragdes nas fibras de coldgeno e importantes parametros clinico-patolégicos,
como grau histologico, estadiamento clinico, taxa de proliferacdo celular e subtipo molecular.
Além disso, o trabalho evidenciou a associacdo dessas mudancas com o progndstico € a
sobrevida dos pacientes, tanto em humanos quanto em caes, confirmando a relevancia do

microambiente tumoral na progressiao do cancer de mama em ambas as espécies.
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Estabelecemos de forma clara e detalhada a relagdo entre as alteracdes no estroma
tumoral - especificamente nas fibras de coldgeno e na infiltragio de macréfagos - e o
progndstico em canceres de mama. O estudo reforca a importancia do microambiente tumoral
como um fator crucial na progressio do cancer e abre novas possibilidades para o
desenvolvimento de estratégias terapéuticas que visam a interagcdo entre as células tumorais e o
estroma. Além disso, a utilizacdo da espécie canina como modelo translacional para neoplasias
humanas se mostrou eficaz, fornecendo um caminho promissor para futuras investigagcdes

oncoldgicas.
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8. CONSIDERACOES FINAIS E PERSPECTIVAS FUTURAS

A literatura mostra que o colageno tem um papel significativo no surgimento de
metastases em carcinomas mamarios. A glandula mamaria neopldsica apresenta fibras
coldgenas mais organizadas e alinhadas em compara¢do com a mama saudavel e, por isso, a
organizacdo do coldgeno tem correlacdo com prognoésticos desfavoraveis. Alteracdoes na
densidade do colageno e na organizagdo das fibras foram associadas ao grau do tumor e
sobrevida global em carcinomas mamarios humanos e caninos. Por isso, a identificacdo das
alteracdes nas fibras coldgenas em neoplasias mamadrias pode auxiliar na compreensao dos
mecanismos envolvidos nos diferentes comportamentos dos carcinomas mamdérios € no
diagnodstico preciso. Sabe-se que as neoplasias mamdrias humanas e caninas apresentam
similaridades epidemiologicas, clinicas, bioldgicas e genéticas, o que possibilita a utilizagao da
cadela como um modelo comparativo experimental.

Assim, foi realizado um estudo comparativo das alteracdes ocorridas nas fibras
coldgenas do estroma tumoral em neoplasias mamdrias caninas e humanas, por meio de
microscopia de absorcdo de dois fétons. Foi demonstrado que a espécie canina € um bom
modelo de estudo para avaliar as alteracdes estromais em tecidos mamdrios neopldsicos
humanos. Imagens por geracdo de segundo harmonico e microscopia de fluorescéncia excitada
por multifétons foram realizadas para avaliar os parametros de coldgeno e segmento celular em
amostras de glandula mamaria humana e canina. Os resultados mostram que nos carcinomas
mamadrios humanos e caninos as fibras coldgenas estdo mais alinhadas em relacdo ao tecido
normal. Nos carcinomas o nimero de fibras e a drea recoberta por fibras sdo maiores e a area
recoberta por células € menor em relagdo ao tecido normal em tumores humanos e caninos. Os
carcinomas com prognéstico desfavordvel possuem fibras coldgenas mais curtas e os
parametros de coldgeno se correlacionam com os dados clinicos e patolégicos nas espécies
humana e canina. E pacientes diagnosticados com carcinomas com fibras coldgenas mais curtas
tém pior sobrevida.

Para compreender como a interacao entre os componentes do MAT pode influenciar as
modificagdes nas fibras de coldgeno, investigamos também o papel dos MAT. Nossos
resultados revelam que a quantidade de macréfagos se correlaciona com o comprimento das
fibras de coldgeno dentro dos tumores, sugerindo um papel crucial dessa interacdo na
progressao da doenca. Além disso, demonstramos que alterag¢des nas fibras de coldgeno, como
diminui¢do do comprimento e aumento da organizagdo, estdo associadas a um pior progndstico

e redugdo da sobrevida em ambas as espécies, corroborando descobertas anteriores na literatura.
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Este estudo comparativo entre humanos e cdes destaca o potencial do modelo canino para a
pesquisa do cancer de mama e a importancia de considerar as interacdes complexas entre a
MEC e as células imunes no desenvolvimento de novas estratégias diagndsticas e terapéuticas.
Um entendimento mais profundo do papel das fibras de coldgeno e dos MATs no MAT do
cancer de mama pode abrir caminho para o desenvolvimento de biomarcadores mais precisos e
terapias direcionadas, para melhorar o progndéstico e a qualidade de vida dos pacientes.

Como perspectivas futuras, pretendemos aprofundar nossa investigagdo do MAT,
explorando o papel das MMPs e dos fatores envolvidos na transi¢do epitelial-mesenquimal
(TEM) no remodelamento do estroma. A literatura cientifica demonstra que as MMPs, enzimas
capazes de degradar componentes da MEC, incluindo o coldgeno, sdo frequentemente
superexpressas em diversos tipos de cancer, incluindo o de mama, e estdo associadas a um pior
progndstico € maior potencial metastitico. Adicionalmente, a TEM, um processo biolégico
complexo que confere as células epiteliais caracteristicas mesenquimais, como maior
capacidade de migracdo e invasdo, tem sido implicada na progressao tumoral e na metéstase.

Estudos recentes t€m demonstrado que a interagdo entre TAMs e fibroblastos no MAT
pode levar a ativagdo da TEM e a produgdo de MMPs, resultando no remodelamento da MEC
e na criacdo de um ambiente propicio para a invasao e a disseminagdo do cancer. Ao investigar
o papel das MMPs e da TEM em conjunto com a infiltragdo de macréfagos e as alteragdes nas
fibras de coldgeno, esperamos elucidar os mecanismos moleculares que impulsionam o
remodelamento do estroma e identificar potenciais alvos terapéuticos para o desenvolvimento

de novas estratégias de tratamento para o cancer de mama.
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ti-mousc/anti-rabbit detcction kit (Novolink Polymer Detection System, Leica Biosystems, Newcastle Upan
Tyne, United Kingdom, REF RE7158, LOT 6052383), was used following the manufacturer’s instructions.
Antigen retrieval for estrogen receptor (ER). progesterone receptor (PR), Kid7 and HER2 ywas 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 Technalogies Corp. 5781 Van Allen Way, Carlshad, CA92008). The histological sections were
incubated with the corresponding primary antibodics for 1 b in a humid chamber at 4 °C. Primary antibodics
used included ER (Dako Cat¥ ER-14-0481, RRID: AB 1545347, goat anti-human EPI receptor, PTGER]
annbcdv, \mcunJugalﬂl. LOT 11303512, REF IRO84, ready-to-wse), PR (LS80 le-Span Cats LS-L26712, RRID:
AB_2 receptor (PGR (hPRa2-+ hPR:
Tt nn:nmuguad. LOT X13703736, REF MA512642, 04 mymL 1:50), HER2 mm Catr AP7629¢, RRID:
AB_2262284, rabbit anti-human HER?, polyclonal antibody, unconjugatcd, REF A0485, LOT 00060381, 0.50 g/
'mL, 1:200), and Ki67 { Thermo Fisher Scientific Caté MAS-31796, RRID: AB_2787419, mousc anti-human MIB]
receptor, 2A7B1 antibady, unconjugated, LOT 20067572, REF M7240, 46 mg/mL, 1:50). Immunareactivity was
visualized using 3,3'diaminobenzidine chromogen (Novalink Polymer Detection System, Leica Biosystems,
Keeuie pon' Tyoc, Uil Koglo, REE RETLS |.c>r e e M.syn

porkive for HER'3, R, PR and Kic7. The prmary anubml)‘ ey p sl ey
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for negative controls. The evaluation of the slides, the ion of i and the

of immunophenotypes were carricd out in accordance with the World Health Organization® gu\ddm(; (For
human samples) and the criteria cstablished by Nunes et al*® (for dog ssmples). The antibodies used were
stendardized in our laboratory routine, and their antigenic specificity was confirmed through our own rescarch
and by refercace to others published studics™ .

Image acquisition and analyses
The imaging system employed in this study combined SHG and TPEF imaging using a custom sctup
comprising an Olympus FV300 confocal scanming 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 tissuc. Details of the image scquisition methodalogy s described in our provious
publications” 2% In bricf, we uscd 140 f pulses contred at the wavelength of 800 nm. The beam is focused on
the sample micrascope slab by a 20X objective with a high numerical aperture (NA=0.9) and the images are
obtained in back scattering geametry. The SHG is measured ot 400 nm using a filter with bandwidih of 20 nm
by directing the signal to  non-descanned detector placed just above the sbjective. The fluorescence signal
from the cosin dye staining the tissue is measured by the standard de-scanmed detector of the confocal unit at
the wavelength band of 560 to 600 nm. The transmitted laser image is also collceted by the condenser of the
‘microscope. We measured images at the optimized focus position and at +1 um from this position to allow for
‘noise filtering by the software. The images were acquired for areas of 0.47 % 0.47 mm2. For human samples, 1,200
representative sections of normal human breast tissuc (NMTh) and evaluated human histological types were
<hosen from H&E:staincd slides. For canine ssmples, 1,304 representative setions of normal mammary tissuc
(NMTe) and canine histolngical types evaluated from sections stained :h VBT were defined. In cases where

histological sl normal images 10 m in human and
(xnm:s‘ampieswﬂt Cxptuie Regan g sceplecic e 10 1 15 Mghy repr acotals otrmmvital egions
were se SHG and TPEF si sclected further analyses.
‘Additionally. brightficld microscopy images of H&E stai ired from the arcas

using the Olympus BX41 microscape coupled to the SPOT Insight Calor camera for comparative purposcs. The
capture software used was SPOT Advianced.
D qumsbistve il o gofmgen e o el ceqent pasmete ifond Dy o cpen soeres

sotuare package (Python Fibcous Image Asalyss Toolki), thl spndﬁ:aﬂy designed for automated
scgmentation of images into cellular extrag PyFibre
is apenly accessiblc on Gm fb®. During o analyses process, the ml:gﬁum of SHG and TPEF sigasls song
with laser loyed to imprave the of callagen fibres and cellular

features in the images. Thu approach utilized the TPEF and SHG signals, in addition o & copy of the laser
transmission date, to beticr discern collagen fibres and cellular features in the images. Data were extracted and
analysed according o Reis e al.”, Garcia of al* and Gomes et al *.

Statistical analysis

‘The Shapiro-Wilk test £l i sample gro

test was used for larger sample groups. Dusc to the non-parametric nature ir iy d-t:. e e e

and the Dunn test were performed for multiple comparisons of the medians between groups. We employed

Spearman's Correlation Cocfficint and lincar  represen satistical tests 10 establish correlations between
The

P surviv
using the Kapl i mnmmi h omi b using Lh:MmieiCnxlug
rank test, To evaluste the independence or association between he categorical varisbles mean fibre length and
histological grading, dinical staging, cell proliferation and significant malecular subtype between categarical
variables using the chi-square test and Fisher’s Exact Test. The graphs were presented in contingency graphs.
These analyscs were performed using Prian (verslon 80, Graphpad, San Dicge, CA, United. Sttee), & value of
< 0.05 was considered statistically significant for all analyses. The pvalucs kess than 0,001 are denoted by (**),
P less than 0.01 are denoted by {*} and p less than (0.05) are denoted by (7).

esults
Details of the ana?vsed samples
ble 1 ical subtypes analysed, number of samples, patient age, clinical staging,
histolagical grading, molcm]irm.b{yp: end survival information for uma brcast neoplasms. Tble 2 provices
. The anal
and jcal data did not include (b} 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 st from that
used in our previously published works. Importantly, there is no overlap between the samples included in this
study and Far this study: cascs, cnsuring
a more accurate sssessment of polential changes in the genetdc, cnvironmental, and social conditions of the
animals involved. Additionally; we pricritised cases with comprehensive descriptions of dlinical-pathologica
data, which allowed us 1o decpen the analysis of additional prognostic factors. Nonetheless, due ta the low

occurrence of careinosarcomas in clinical practie, we wsed some of the same carcinosaroma cases described
inourp “. il the other clectcd and the analyses performed in this
work are original, pmﬂdmg rew insights into tumour p'msx!ssmn

The women were follovwed of 10 years fthe

up
study, we completed the follow-up of 43 patients e o vnes bt s oy e il Follow-up
wes niot passible for 11 paticnts. The distribution of womcn based on clinical staging was as follows: 04 women
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with TC (02 alive, 02 not fallawed up), 16 women with ICg1 {01 died, 14 alive, 01 not fallowed up), 21 women
with ICEIT (18 alive, 03 not followed up), and 17 women with IMC (05 dicd, 08 alive, 03 not followed up). Al
patientshad complte information o1 clinicel saging,

Th iup for F02ycars anda 1m of05 years. At the conclusion of

the stady, we completed the follaw-up of 55 bitches. OF these, 46 patients had dicd and 09 were still alive, Follow-
up was niot possible for 04, The distribution of paticnts based an clinical staging was as follows: 14 paticnts with
MC (07 died, 07 alive), 16 with IMC (14 died, 02 not followed up), 06 with CS (all and 23 with SC (15 died,
02 alive, 02 not fallowed up). Three paticnts with IMC did not have camplete information to definc the clinical
ing. Women with Fb and dogs with BMT were not followed up.

Images and extract parameters
Figure | present representative images of the human histological scctions studied to illustrate the imaging
procedure. The histological types in the cols dicated 2s NMTh (Fig. 1A, E, Tand M), Fb (1B, 1 . 1]
and 1 N), ICgl (1 C, 1G, 1 Kand 10) and IM( 1) for the normal mammary gland, fibroadenoma,
grade ] invasive carcinoma and invasive micrapapillary carcinoma, respectively. The fourth row prosents e
sfindividua o, displyed i varying colours. ctractd ueing ur image ansysis thodology (1M-

gl .t ce o B thal e s ey nactsi Fhecn el the THEF aignst coecrapench
to the fluarcscence emission of the dye cosin. The SHG and TPEF represent filie m]m representations of
normalized intensity maps to sccentuate various features. Comparing the two images allows to s the
tissue into callagen and cellular regions, and thus extract quantitative parameters. The images of the extracted
collagen fibres are p 1M and N 10 1P. For the canine samples, the methodalogy g the
images and cxtracting the parameters has already been thoroughly cxcmplifice in previous articles %%, More
details shout measurcments and image analyscs can be found in the Materials and Methods” section

Human mammary tissuc (NNMh, Fig. 1) is composed of labes, ducts. and an intcrconnected network of
connective tissue asterisk in Fig. 1A). connective tissue, sbundant collagen fibres are found
surrounding the parcnchyma, which cxhibit diffcrent orientations withs E). In benign
neoplasms of the mammary gland, such as fibroadenoma (Fb) in wom:
tumours (BMT) in dogs, an sbundance of collagen fibres is visible in the adjacent connective tissue, cxhibiting
ilar to that of NNMTh (Fig. 1F) and NMTc. However, in grade | invasive
wasive micropapillary carcinoma {IMC), there is a reduction in collagen density and
anized in 2 preferential direction (Fig. 1G. H, O and P). ICg] has a favoursble prognosis.
MC is associated with an unfavourzble prognosis’ . Mixed carcinomas (MC) originates from the
smalfgpant rnssematon of benign miced oo presetlng o comples hdiogica paters and et
©_On the other hand. (S} i
ial and mesenchymal components, prescnting an :mmd. aggressive hmlwm behaviour, with a high
Iicidenee of metastascs to reglonel lyraph nodes and lowes averal serviva In IMC and SC, decrease
in collagen density and an increased alignment of callagen fibres in the surrounding connective tissuc are also
noticcable

Ehe G5 i i 0 5 LR ek i o AL R 1 i
‘microscopic features described. C puw. f
of collagen fibres (no. fibres), mean fibre length, n\l n density (fibre su;m—n coverage) and
segment caverage) for all histological types of human and canine mammary neoplasms and for N
NMIc that arc presented in Tig. 2.

g

of these

Carcinomas present aligned fibres, lower fibre density and higher cell density
The collagen fibre organization parameter assesses the degrec of alignment of callagen fibres within the tissuc
with valucs spannin (indicatinga random arrangement) to cne (indicating highly eriented and aligned
fibres along a speci mmmm As depicted in Pig. 2A human mammary carcinomas exhibit  greater degrec
of collagen fibre ali when compared to NM Th. Canine neoplastic tssues exhibi the same beheviour (see
Sl ertiry Ty S0 Thesr waot elencly Atnestit s Atachon bet o el il i iaenss o
in both species.
Figure 2B show the waviness of the collagen fibres for human mammary tissues. This parameter cvaluates
of the collagen fibres cxtracicd from the stromal regions, where 1 means perfectly linear fibres
ctly wavy fibres. In haman mammary tisstcs, carcinomes present more fincar fibres comparcd
and Pb. In canine mammary tissue (scc Supplementary Fig. 1), it was not passible to verify this same
behaviour. We obscrved that none of the histolagical types present statistically significant diffcrences with NBIL.
$Chas more lincar callagen fibres campared to BMT and ICM, and CS has more linear fibres comparcd to BMT
IC

The numbet of collagen fibres, the fibre coverage arca and the cell coverage arca determine the collagen
donsiy e 8 sty s memsneed gl Theae e Knportan e i et hags st
1o the stromal and cpithelial components af human (Fig. 2C and E) and anine (scc Supplementary F
‘mammary carcinomas. Figure 2C and D show that the number of callagen fibres and the area covered by fmm
decrease in carcinomas compared to NMTh and neoplastic tissues omparatively, Fig. 2E show that
carcinomas presenta larger arca covered by cells compared to NMTh and benign neoplastic tissucs. We pbserved
similar behaviour in the canine species (see Supplementary Fig. $1), hawever we did not observe significant

fferences in the number of collagen fibres, area covered by fibres and arca covered by cells between CS with
NMTe and BMT.

Furthermore.the collagen fibre length i an important parameter for evaluating the stromal changes that

occur in neoplastic mammary tissues'341. Figure 2 F show that the mean fibre length is different between
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SHG

TPEF

Fibre extraction

Acquired images (20X objective). The optical microscopy H&E (A-D}, second harmanic generation
opy (E-H), twa-photon excited fluorescence microscopy {I-L) and the extracted collagen Gbres with

in zrmd.nm colour (M-] P‘ for the human no mamma: E Land M), fibroadenoma
oms (€, G, K and 0) and invasive micropapillary carcinoma (D, H. L
stroma. HE arrowhead: epithelial cells. The scale bar is 100 um.

and P). Asterisk 1

the histological types in humans. Carcinomas with favourable progaosis (TC and ICg1) present o higher mean
and IMC). In caninc mammary
). Carcinoma with favourable
grenis (M) g the highat arbragh Tl Wogth. i castgared . cancisis Wkt rerued 4
unfavourable prognosis (€S, 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 ammary carcinomas, we
verificd whether the density of collagen fibres, cell density and fibre length correlate with the cli
data. Immunohistochemisiry was performed on a sample of 58 human and 59 canine mammary lissue sampl
all diagnosed with mammary carcinoma. Figure 3 shows these correlations. Here, the increased aggressiveness
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Fig. 2. Paramelers of the human mammary gland analysed by second harmonic generation and two-photon
excited flnorescence techniques. Kruskal Wellis test and the Dunn test. Boxplot graphics showing the
calculated parameters for the fbre segment SHG coherence, mean fibre waviness, mean fibre length, number of
fibres, fibre spment [uv:mgc am cell segment coverage for human normal mammary tissue (NMTh, n=20).

(TC, n=04), invas rade 1 (ICgL n=16), invasive
carcinoma. gn.d.: i (ICSlll n—m invasive nu_mpzpm.arycmmm {IMC, n=17) in human samples
(n=50). The i he 25¢h and 75th iles, the whiskers
extend 1.5 times the interquartile range rmm e z:m and 75th percentiles and the outliers are represented by
dots. The p vahues less than 0.001 denoted by (), pless than 0,01 are denoted by (**) and p less than (0.05)
are denoted by (")

of carcinomas was assaciated with cases that presenied the fallowing characteristics: higher histological grade,
larger probability of developing local and/or distant melastases, higher rate of cellular proliferation and Jarger
probabiliy of presenting molccular expressions of the "triple-negative” and “Her overexpressed” For the

ations, the cell ion rate was obtained from the Ki67 count and the molecular subtype of buman
and canine mammary carcinomas wese categorized as follows: 1 for huminal A (positive hmnm  recplars
negative HER-2 and praliferative rate less than 20%), 2 for luminal B (positive hormone recepto ive
HER-2 and proliferativ rate greater than 20%), 3 for HER-2 positive (positive of negative e receptars
and pasitive HER-2 ofthe rate) and 4 for triple negative (negative hor pors,
negative HEI2 regardless of proliferative ratc)

We notethat the mean fibre length inversely correlates with histological grade (Fig. 3A and B, clinical staging
(Fig. 3C.and D). cell probleration (Fig. 3E and F) and molecular subtype (Fig. 3G and I in women and dogs
Here, we show data correlating th with the smaller fbre length.
1 is fmportant to note that while human molecular subtypes have been adapled for use in canine memmary
carcinomas, their prognostic valuc in dogs remains controversial, particularly for HER2 overcxpression.
Conllting esuls in the liteature hare made it difficult o establish a consistent correlation between HER2
status and ch Despite itation, we found that mican fibre length inversely carrelates
with histological gmd.( (Fig, JA and B), dinical sizging (Fig. 3C and D)), cell proliferation (Fig. 5E and F) and
malecular subtype (Fig. 3G and H) in both women and dogs. Here, we show data correlating the incrcased
tumour aggressivencss with the smaller collagen mean fibre length.
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Fig. 3. Corrclation between clinicopathological parameters and mean fibre length in women and dogs.
Spearmans corrclation between histological grading and mean fibre length in women (4, n—58) add dogs (B,
n="55). Spearmans corrclation between clinical standing and mean fibre length in women (C, n=58) and dogs
D, n ) o el ety ol gl i i mims s i (8, 0] i
). Spearmans corrclation between malecular subtype and mean fibre length in women (G, n—38) and
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Todetermine the influence of mean fibrelength on paticnt survival, weestablished a cut-off point disregarding
histological subtype, I'us\nlnp:al grade, clinical su&mg‘ cell proliferation rate and melecular subtype. Tor this.
the data and the h value was calculated. Therefore, the value
27 pm was determined as the cut- oﬁpmnr.‘ cakgonxmg paticnts into two groups bascd on this cut-off point.
Those diagnosed with carcinomas with fibres smaller than 27 jm were grouped in the first category, while those
with carcinomas with collagen fibres larger than 27 um were grouped in the sccond category. We assigned 0 to
paticnis alive at the end of the study and 1 lo paticnts who died from mammary carcinoma. For those diagnosed
with carcinomas with collagen fibres larger than 27 um (represcnted by the red linc), the average survival was
150 days. O the ather hand, patients with carcinomas with fibres larger than 27 um (shown by the bluc line) had
amedian survival of 849 days. Notably, more aggr d shorer
collagen fibres compared to ; with ble prognosis. In Fig. 44, we el
curvesfor dogs. We extend this method to define cut-off paints for SHG coherence, mean fibre waviness, number
of fibres, fibre scgment coverages and cll segment coverage: However, na significant correlations were observed
between these metrics and dog-spectfic survival. These findings support the data from our current study and are
in line with our previously published work™. It should be noted that the canine datasct cxamined in this study
differs from our previous assessment.

In hurnans, it was nat possible to cstablish a specific survival curve for cancer using the same methodology
as uscd for dogs. This s becanse approsimately 85% of the patients in the study arc alive and still under medical
supervision. Thus, the median survival was not reached in any of the stratificd groups, making It impossiblc
to carry out and evaluate the analysis. However, to demanstrate the dlinical importance of these findings for
breast oncology. we established an association between the mean fibre length and clinicopathological data® that
directly influence paticnt survival. For this analysis, the same cut-off paint defined for the analysis of the dog's
survival curve (Fig, 2A) was considered. Using the cut-off point of 27 um, women and dogs were stratified inlo
two groups: those diagnosed with carcinomas with collagen fibres smaller than 27 um were categorized into the
first group, while those diagnoscd with carcinamas with collagen fibres larger than 27 m were grouped inta the
secand group (Fig. 4B and 1). To verify the assaciation or independence between the mean fibre length and the
linicopthological data we pecformed an analyss using the Fisher's Fxact Testand the ch-square st The data

sve rate, higher hi grade, presence oflocal
the "triple negative” and "Her2 overexpressed” molecular subtypesare associated mu. carcinomas with collagen
fibres smaller than 27 um in women (Fig. 4B, D, F and H) and dogs (Fig. 4C, E, G and 1). Finally, we observed
that collagen density presents an inverse correlation with histalogical 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 samie corrclations were established for dogs, but no statistically
significant corrclations were obained.

Discussion
Numerous studics indicate that collsgen plays a key rolc in the tumour micro-envirenment, playing a critical
rolic in the regulation of neoplastic rowth and tumenr cell dissemination, duc to its ability to provide physical,
biochemical. and biomechanical guidance for fumour and non-tumour cells'™* L Tumours can actively
remodel the surrounding cxtracellular matrix. Type 1 and type 3 collagen fibres, when aligacd, increase the
stiffness of the cxtraccllular matrix and this predicts worse outcomes™ and the expression of COLI1AL
may have a potential role in the aggressiveness of carcinoma in sitw in women through collagen remodelling
and regulation of the cellular stimulation mechanism'. Recent studics have described that this stiffncss of the
lulor matrix is fundamental in the process of cell migration, invasion, and metastasis of tumour cel

I 84422155 Here, we demonstrated that in human and canine mammary carcinomas, collagen fibres orient
themselves in a preferential direction, becoming more organiz

In human mammary carcinomas, we observed that collagen fibres are more lincar comparcd to NMTh and
Fb. We did not observe this behaviour in canine mammary carcinomas. The composition of carcinomas in mixed
tumours and carcinosarcomas mey explain this difference. As previously stated, the MC. arises from epithelial
malignant transformation into benign e tumours” . 1 has components of malignant pithelial origin
and normal or benign . CS are by malignant ¢ ithel
and mesenchymal origin, ]esdm 1o intense proliferation of the extraceilular matrix. MC and CS exhibit a
complex histological pattern® %3, Thus, we noticed that canine mammary carcinomas exhibit significant
heterogencity in their composition, unlike mammary carcinomas in women, which exhibit homogeneity in
epithelial ‘components, Desp g distinct features, we selected these tmours for our
study because they commonly affect the female dogs, as we aim Lo
in regard to the more common breast carcinomas in wamen.

‘The larger organization and alignment of collagen fibres in the tumour and peritumoural arcas collected in
the evaluated samples makes the stroma mare rigid. We believe thet 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 cscape route from the
potentially hyp  necrotic for tumour cells. canditions can induce an innate
mechanical scnsll.mry to dircct cancer cells to an environment where conditions are marc favourable ™.
‘The study by Toss et al, 2019' and Sprague ct al, 2021% showed that the deposition and reorganization of
collagen around breast carcinoma in situ plays a rale 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
studics show that the ﬂlﬂncss of the extracellular matrix and the high :oan:ulL\) of tumour cells severely

disturh Matrix and cross-linking stfens h matris as positive
feedback to further odcl and rearient the matrix. Ina ithelium, increased cell tension
ScientificReports|  (2024) 14:28846 | hetps:jidoi.org/10.1038/541558-024-79854-6 wature por tiolio
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Fig. 4. Survral curve fo doga nd sssociatton et dindcopathologial parametrs snd mean fbre lingl
in women ani Kaplan-Meicr curve showing the scparation of cases by mean fibre length in dogs; red line
for ibre length o5 ym and bluc lin for fibre length> 27. (4, 1 =59). Contingency plots prescnting data from.
chi-square analysis (D), E, H ad 1) and Fisher's exact test (B, €, Fand G) to evaluate the association between.
clinicopathological data and the mean ibre length categorized in women and dag The dinkoputhological
data are presented on the x-axis, the shsolate () on the y-axisand

the end of cach bar. Associatian between cell poliferation rate. (B, me 58), histological grade D' e 58) ol
or metastatic discase (. 1= 58), molecular subtype (H. m. mean fibre length categorized by the 27 pm
cul-off point in women. Association hetween cell proliferation rate (C, n=38), histological grade (E, n= 58],
presence or absence of metastatic discase (G, = >58) and molccular subtype {T, n=58) and mean fibre length
categorized by the cut-off point 27 pm in dogs. Error bar not included because it s the evaluation of categorical
data
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Fig. 5. Corrclation between clinicopathological parameters and metrics cxtracted by sccond harmenic
two-photon fluorcscence techniques in women. Spearmaris correlation between the number

of bres (A, n=39). Gbre segment coverage (. = 53). cell segment conesage (C. = 3) and histologial

covrege (G, =58} and cl gt covrape (.

d molccular subtype. Lin b ibre (D, n=38), number of

mmm =58 and cell scgment coverage (F, n=58) iy proliferation rate.

lates cell growth, disturbs cell-cell adhesian, ises tissue pok d pr I invasion
hytumm 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 parcnchymal components.
tumours prescat lower demsity of collagen ibres and higher cell d:rmry €S does not follow this growth pattern
because it
induces exaggerated deposition of stromal components®. We lhtr!fnr: abscrved higher stromal density and
lower cll density compared to other canine mammary carcinamas, In Fo. we observed higher collagen density
andlower cell density dto oth ud
Sernnts i intrenged f {hi bumnor®,

Correlating the parameters, number of fibres, arca covered by fibres and arca covered by cells with the
histalogical grade, TNM, cell proliferation ratc and molccular sublype. we obscrved that the most aggressive
human mammary carcinomas+* present lawer density of collagen fibres and higher cell density (Fig. 3). Maller
et al. 20137 showed that the abundance of collagen in th matrix of L rals was associated
with reduced tumour growth and invasion compared to the tumour micro-environment of nulliparous rals.
Using methods including second harmanic generation imaging, the authors showed that the abundant collagen
in the memmary glands of pregnant rats is less lincarised and that high-density collagen induces tumeur
suppressive attributes . Other authors have also shown that the decrease in collagen density and increase in

Another importent characteristic of collagen fibres thal stood out was the identification that shorter collagen
fibres arc associated with an unfavourablc prognosis (Figs. 2F, 3A, F, A and F and 48, 1. B and . In addition, we
demansirated thal canine mammary carcinomas with shorter collagen fibres are assnciated with lower patient
sarvival (Fig. 4. Unlike wamen, most dogs disgnoeed with mammary carcinoma ar trested exchsively with
surgery, without th i y

24-79854-5 mature portiolio
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breast cardi without the of drugs that impact the growih and development
of scoplasins. Furthermore, studying mammary carcinomas in Gogs svoids the bias sssocisied with induced
experimental modcls that are carried out within using dogs

as & model provides accurate data on paticnt survival and the bchsnou.r of mammary carcinomas in & short
periad of time, since thess tamours progress more quickly compared ta tumours in women

Although we were unable to plot survival curves for women, we established correlations. between the pumber
of callagen fibres, collagen fibre density, and cell density with dinicopathalogical data that are known to play
a crucial role in patients’ survival™. Similarly, to what occurs in the canine species, we ohserved that  lower
number and desity of fbres, 2 higher cell density, and shorler collagen fibres are associated with carcinomas
with an unfavoursble prognosis. These sre important findings. It can be hypothesized thst this behaviour is
related to the stromal changes that occur during tumour progressian, as shown in our previous work'™, TC an
ICgl in humans and MTC in dogs are carcinomas that present well-defined tubular structures, differentiated
<ells, low milotic ratc snd low ccllular and nuclear pleomorphism. The stromal component is prescrved 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, [CglIT and IMC in humans and
5, 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 proliferstion
rate of these companents is high. CS does not present this behaviour because the mesenchymal companent is
also malignant, making it more aggressive. Thus, these carcinomas are commenly associated with local and/or
distant: prognasE G

We believe that in carci
because they limit noplastic gnrm!h. Bowerts. B corit il el pmgmm, with loss of
cellular differcntiation and a high proliferative ratc, the collagen fibres arc unable to limit this growth, and thus
they rupture, allowing the tumour o expend. 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
tumaur cells {Fig. 6). Studies show that while collagen can patentially form a protective barrier and prevent
cancer cells from escaping their original location, collagen fibres also serve as a "highwsy” that facilitates the
‘migration of cancer cells to remote locations, impacting survival of paticats” /5527,

Conclusions
In conclusion, aur study revealed similaritis in collagen changes between human and canine mammary
ncoplasms, 5 the association of th pecics. Employing

sccond harmonic generation, two-photon excited fluorescence techniques, and automated image analysis, we
identified similar changes in the tumeur stroma of buman 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

C- Carcinomas with
unfavourable progosis

Fig. 6. Carcinomas with an horter fibre. Mammary carci t
‘marc organized finres (B and C)mmplﬂd!qnmu] amimiary tissue (A). Carcinomas with a fvoursble
proguosis and low probferative rte present longer collagen ibres, capable of imiting neoplastic growih (B). In
carcinomas with P is and hi collagen fhres arc shorter and unable
o limit this growth, allowing fumour expension (C). This “shoriening” of collagen fibres may be associated
with remodelling o the tumour stroma thal creates rigid pathways o help cancer cels cscape necrotic and
capable of guiding tumour cells towards locations with greater

vnculsmmn {C). Created by BioRender.
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