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Résumé 

 
Etude du rôle des macrophages dans le réveil des cellules tumorales mammaires dormantes 

 
Le cancer du sein est la tumeur maligne la plus fréquemment diagnostiquée chez les femmes dans le monde. 

En fonction du stade et du grade, les protocoles de gestions thérapeutiques du cancer du sein sont 

généralement efficaces, cependant, certaines cellules cancéreuses parviennent à échapper à ces tentatives 

et entrent en dormance. Les cellules cancéreuses dormantes sont des cellules viables et non prolifératives 

qui peuvent conserver ces propriétés pendant plusieurs années, voire des décennies, alors que le patient est 

considéré comme cliniquement guéri. Le réveil des cellules tumorales dormantes est un réel problème de 

santé, puisque les patientes présentant des récidives ont un mauvais pronostique de survie. Dans le cancer 

du sein, tout comme lors du développement métastatique de ces mêmes tumeurs, les cellules cancéreuses 

évoluent au milieu d’un stroma dit « réactif », contenant de nombreux types cellulaires ainsi que des 

composants de la matrice extracellulaire (MEC). De nombreuses évidences expérimentales suggèrent que 

ces facteurs micro-environnementaux initient la réactivation des cellules cancéreuses dormantes, 

conduisant à une rechute du patient. Les macrophages sont l'un des principaux types de cellules favorisant 

le développement des tumeurs primaires et métastatiques dans le microenvironnement tumoral. Bien que 

les macrophages puissent favoriser le développement du cancer par divers mécanismes, leur implication 

dans l'échappement à la dormance n'a encore jamais été démontrée. 

En utilisant la lignée cellulaire D2.OR - un modèle de dormance à la fois in vitro et in vivo – mes travaux 

expérimentaux démontrent pour la première fois que les interactions fonctionnelles entre les cellules 

cancéreuses dormantes et les macrophages entraînent le réveil des cellules cancéreuses. J’ai découvert que 

les macrophages entrainent le réveil des cellules tumorales dormantes via la sécrétion de facteurs paracrines 

et le remodelage de la MEC. En effet, mes travaux de thèse montrent que le remodelage de la MEC par un 

milieu conditionné dérivé des macrophages est suffisant pour induire le réveil des cellules dormantes, ce 

qui indique que des modifications de la MEC par les macrophages sont responsable du réveil des cellules 

tumorales. De plus, je démontre que les activités catalytiques des enzymes MMP9 et LOX sont essentielles 

dans ce processus.  

Afin de mieux caractériser le rôle des macrophages dans le réveil des cellules cancéreuses, j’ai également 

cherché à savoir quelles sont les voies de signalisation activées dans les cellules D2.OR et qui sont 

responsables du réveil. Mes résultats montrent que le remodelage de la matrice par les macrophages 

entrainent la voie de signalisation intégrine- 1/FAK/Src/Her2 dans les cellules tumorales, favorisant ainsi 

leur réveil. Cela aboutit à l'activation de la kinase ERK, permettant ainsi la transition de la dormance à un 

état prolifératif. Comprendre les mécanismes moléculaires qui régulent l’influence de l’inflammation sur 

le réveil des cellules tumorales dormantes est essentiel pour découvrir de nouvelles cibles thérapeutiques 

potentielles pour le développement de thérapies ciblées afin de prévenir la récidive des patients. 

 

Mots clés : Cancer du Sein, Microenvironnement, Dormance, Macrophages, Matrice extracellulaire, 

Signalisation 
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Abstract 

 
Investigating the function of macrophages in the awakening of dormant breast cancer cells 

 
Breast cancer is the most frequently diagnosed malignant tumor in women worldwide. Breast 

cancer therapeutic management protocols are usually considered to be successful, however, relapses are 

frequent as some cancer cells can manage to escape from these attempts by undergoing dormancy. Dormant 

cancer cells are viable, non-proliferative cells that preserve their status for years or even decades while the 

patient is considered as clinically free of cancer. However, when these cells awaken, patient relapse occurs 

with poor survival outcome. In breast carcinoma, cancer cells co-evolve with a reactive stroma containing 

extracellular matrix (ECM) components and cancer-promoting cellular elements. Evidence suggests that 

these microenvironmental factors can initiate the awakening of the dormant cancer cells, which can 

eventually lead to patient relapse. Macrophages are one of major tumor-promoting cell type within the 

tumor microenvironment. Although macrophages can support cancer development via various mechanisms, 

their direct involvement in dormancy escape has never been demonstrated. 

Using the D2.OR cell line – a well-established model for cancer dormancy both in vitro and in vivo 

– we demonstrated for the first time that functional interactions between dormant cancer cells and 

macrophages result in cancer cell awakening. We found that macrophages mediate dormancy escape via 

the secretion of paracrine factors. Furthermore, we showed that priming the extracellular matrix with 

macrophage-derived conditioned media is sufficient to induce the awakening of dormant cells, indicating 

that macrophages mediate dormancy escape through ECM modifications. Moreover, we discovered that 

MMP9 and LOX enzyme activities have essential functions in this process.  

Biochemistry and cellular biology analysis of the D2.OR intracellular signalling pathways revealed 

that signals from the ECM, following macrophage-mediated ECM remodelling, induce an integrin-

1/FAK/Src axis that triggers Her2 receptor tyrosine kinase activation in a ligand-independent manner. 

This culminates to an ERK/MAP Kinase activation, thus promoting the transition from dormancy to a 

proliferative status.  

Understanding the molecular mechanisms that regulate dormancy or the switch to a proliferative 

state is critical for discovering novel targets for the development of targeted therapies to prevent patient 

recurrence.  

 

Key words: Breast cancer, Microenvironment, Dormancy, Macrophages, Extracellular matrix, Signalling 
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Figure 1. Distribution of incidence and mortality of the 10 most common cancers among women 

in 2018  

The area of the pie chart reflects the proportion of the total number of cases or death.  

Adapted from Globocan 2018 (Bray et al., 2018) 
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Breast cancer 

Epidemiology 

Breast cancer is the most frequently diagnosed cancer in women. The global incidence rate 

of breast cancer is increasing every year by ~3,1%. While in 1980 a total of 641,000 patients were 

diagnosed with breast cancer, this number increased to 1,6 million by 2010 (Bray et al., 2018). 

In 2018 ~2,1 million new breast cancer cases were diagnosed, whereby 626,679 women with breast 

cancer deceased.  

Although lung cancer is the most commonly diagnosed cancer in both sexes combined, it 

is closely followed by breast cancer (Bray et al., 2018). Breast cancer is predominantly a female 

disease, as only 0,5 - 1% of all breast cancer is diagnosed in men (Ruddy & Winer, 2013). Based 

on a study in 2018, breast cancer accounts for the largest percentage of all cancers diagnosed in 

women (24,2 %), followed by colorectum (9,5 %) and lung cancer (8,4%). Additionally, breast 

cancer not only leads the incidence list, but also accounts for the largest proportion (15%) of 

cancer-related death among women (Bray et al., 2018) (Figure 1).  

 The incidence rates vary worldwide. Generally, more breast cancer cases are identified in 

high-income regions, compared to lower income regions, likely due to the well-developed health 

care systems and the availability of medical equipment. However, a higher percentage of cases 

diagnosed in high-income regions are identified at an early stage of breast cancer leading to 

increasingly improved survival outcomes (Torre et al., 2016). 
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Risk factors 

Non-Modifiable Factors 

 

Aging 

The main risk factor for developing breast cancer is aging. About 50% of breast cancers 

are diagnosed between the age of 50 and 69 and about 28% are diagnosed after age 69. Therefore, 

about 80% of all breast cancer cases affect people over the age 50. Indeed, the 10-year probability 

to develop breast cancer is around ~1,5% at age 40, which increases to ~3% at age 50 and reaches 

about 4% at age 70, thus generating a cumulative lifetime risk of ~13,2%, meaning that 1 in 8 

women are affected by this disease (Benz, 2008). 

Even though aging affects each person differently, organs which are susceptible to develop 

cancer also undergo general age-related alterations. A fundamental question under continuous 

debate is whether these typical aging-related changes assist to the tumorigenic process. As an 

example, after the second decade of life, ovarian size and function gradually decrease in non-

pregnant women and breast glandular mass progressively decreases and is replaced by a 

combination of collagenous stroma and adipose tissue (Milanese et al., 2006). Also, in the normal 

breast, estrogen receptor (ER) expression starts a progressive >3-fold rise beginning at early 

thirties which expression change plateaus by age 60. Contrarily, the average level of expression of 

estrogen-inducible proteins in the normal breast does not vary significantly with age (van 

Landeghem et al., 1985). Even though a growing body of evidence suggests a link between these 

aging-related changes and breast cancer development, the exact molecular mechanism needs to be 

further investigated.  

 

Family history 

 

Almost one-fourth of all breast cancer cases has a family history. Women, who has a first-

degree relative (mother or sister) with breast cancer have a 1,75-fold increased risk to develop this 

disease, compared to women with no family history of breast cancer. Additionally, the risk of 

breast cancer raises significantly as the number of affected first-degree relatives increases and the 

risk may even be higher if the affected relatives are younger than 50 years old (Brewer et al., 2017).   
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Genetic mutations           

 

Breast cancer-related gene mutations, like those in breast cancer associated gene 1 and 2 

(BRCA1 and BRCA2) are partly responsible for the inherited susceptibility for the disease. Both 

genes encode tumor suppressor proteins which are involved in DNA damage repair. Deficiency of 

BRCA1 causes aberrant centrosome duplication, dysregulation of the cell cycle checkpoints, 

genetic instability and ultimately apoptosis (Deng, 2006). Whereas, BRCA2 is known to interact 

with RAD51 and DMC1 to regulate DNA double-strand break repair (J. S. Martinez et al., 2016; 

Sánchez et al., 2017). Both BRCA1 and BRCA2 mutations show an autosomal dominant pattern 

of inheritance. A meta-analysis revealed that the average cumulative risk of developing breast 

cancer by the age 70 was 57% or 49% for women carrying either BRCA1 or BRCA2 mutations, 

respectively (S. Chen & Parmigiani, 2007). Breast carcinogenesis has been also linked to a 

proportion of other DNA repair genes, such as ATM, Partner and localizer of BRCA2 (PALB2), 

BRCA1-interacting helicase (BRIP1) or Checkpoint Kinase 2 (CHEK2) (Meijers-Heijboer et al., 

2002; N. Rahman et al., 2007; Renwick et al., 2006; Seal et al., 2006). 

 

Reproductive factors 

 

 Reproductive factors can also affect the probability of breast cancer development. As an 

example, the length of the reproductive period (from first menarche until menopause) correlates 

with the risk of breast cancer development. Therefore, both early menarche and late menopause, 

as well as late age at first pregnancy are considered to elevate the risk for breast cancer. Based on 

studies, each year delay in menopause increases the risk by 3% to develop breast cancer, whereas, 

each year delay in menarche decreases the risk by 5% (Horn & Vatten, 2017). 

 

Estrogen 

 

Breast cancer risk is linked to both endogenous and exogenous estrogens. In 

premenopausal women, the endogenous estrogen is mainly produced by the ovary, therefore 

ovariectomy can lower the risk of breast cancer (Key, 2013). 
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The primary sources of exogenous estrogen are the oral contraceptive pills and the hormone 

replacement treatments (HRT). Since the 1960s, oral contraceptives have been extensively used 

and their formulations have been improved to minimize side effects, however the relative odds 

ratio is still greater than 1.5 (Veisy & Viga, 2018). Exogenous estrogen or other hormones are 

administered to menopausal or postmenopausal women as part of HRT. According to the Million 

Women Study, there is a 1.66 relative risk for those who use HRT compared to those who have 

never used it (“Breast Cancer and Hormone-Replacement Therapy in the Million Women Study,” 

2003). Since these findings about the adverse effects of HRT were released in 2003, the incidence 

rate of breast cancer has reduced by about 7% due to the decreased use of HRT (Thods et al., 

2006).  

 

Modifiable risk factors 

 

 Around 20% of all breast cancer cases can be associated with modifiable risk factors, like 

obesity, increased dietary fat intake, the lack of physical activity or elevated alcohol consumption 

(Danaei et al., 2005).  

It has been observed that alcohol consumption can increase the level of hormones 

associated to estrogen and subsequently stimulate the estrogen receptor pathways. According to a 

meta-analysis of 53 epidemiological studies, drinking 35 to 44 grams of alcohol per day can raise 

the risk of breast cancer by 32% (Hamajima et al., 2002).  

Smoking also represents an increased risk factor for breast cancer. It has been shown that 

the tobacco-derived carcinogens can be delivered to breast tissue, thereby increasing the likelihood 

of oncogene and tumor suppressor gene mutations (Catsburg et al., 2015). 

On the other hand, exercise was shown to decrease both cancer incidence and recurrence. 

Sheinboim and collaborators showed that exercise can trigger a metabolomic reprogramming with 

increased nutrient demand, which limits the available nutrient source for the tumor, thus 

prevents the formation of metastatic colonies (Sheinboim et al., 2022).  
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Figure 2. Breast cancer imaging via Mammography 

Routine breast cancer screening identified a lesion of the right breast of 53-year-old 

postmenopausal women, who had no family history of breast cancer.  

a. cranio-caudal view (left) and mediolateral oblique view (right) 

b. mediolateral view  

 

Adapted from (Harbeck et al., 2019) 
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Prevention and screening 

Population screening for breast cancer with mammography is a secondary prevention 

method aiming to discover the malignancy at an early stage, hence effective treatment may be 

provided. Mammography is a non-invasive and accurate screening method which implies a low 

dose X-ray imaging of the breast (Figure 2). Randomized studies have collectively shown strong 

evidence that population screening considerably lowers breast cancer mortality by a relative risk 

of 20% for individuals who are subjected to routine screenings by mammography (Marmot et al., 

2012). 

It is widely recommended that women who have a higher than average risk of developing 

breast cancer (i.e. due to genetic mutations) undergo risk-tailored screening, which includes more 

regular controls or even the use of technologies other than mammography. For example, the 

suggested screening method for BRCA1 and/or BRCA2 mutation carriers and women at 

significantly elevated lifetime risk of breast cancer is MRI scanning in addition to standard 

mammography (Saslow et al., 2007).  

When combined with mammography, new technologies such as tomosynthesis (3D 

mammography), contrast-enhanced mammography and gamma imaging show improved cancer 

detection rates, however, among these, tomosynthesis has the strongest body of evidence, making 

it the most promising candidate technic for breast cancer screening in the future (Marinovich et 

al., 2018). 
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Breast cancer classification 

Breast cancers vary in terms of their clinical symptoms, behaviour and anatomy. Numerous 

classifications have been developed on the basis of histological and molecular characteristics. 

Based on histological characteristics, the World Health Organization (WHO) identifies at least 18 

distinct breast cancer types (Hanby & Walker, 2004). However, this classification might be 

misleading as 40-80% of cases belongs to “invasive ductal carcinoma of no special type” (NST) , 

a category which contains  tumors that cannot be classified to either histological subtype (Weigelt 

et al., 2008). 

Breast cancer can be classified into molecular subtypes based on the levels of mRNA gene 

expression, regardless of histological subtypes. Perou and collaborators identified four molecular 

subtypes using microarray gene expression data on 38 breast cancers: Luminal, HER2-enriched, 

Basal-like, and Normal Breast-like (Perou et al., 2000). Additional research enabled the division 

of the Luminal group into two subgroups: Luminal A and B (Prat & Perou, 2011). Then, over 300 

primary tumors were comprehensively profiled (at DNA, RNA, and protein levels) and grouped 

into biologically similar tumor types for The Cancer Genome Atlas Project (TCGA). Based on 

mRNA gene expression levels, a consensus classification had been established to differentiate four 

major intrinsic subtypes of breast cancer: Luminal A, Luminal B, HER2-enriched, and basal-like 

(Koboldt et al., 2012). Additionally, a combined investigation of human and mouse mammary 

cancers revealed the 5th intrinsic subtype—claudin-low breast cancer—in 2007 (Herschkowitz et 

al., 2007) (Figure 3A).  

In order to detect intrinsic breast cancer subtypes and to calculate a Risk of Recurrence 

(ROR) score for breast cancers, a test called PAM50 which measures the expression of 50 selected 

genes was created. This test has 93 percent accuracy in reliably classifying specific breast cancers 

into the major intrinsic subtypes. Globally, PAM50 is increasingly being used in therapeutic 

settings (Gnant et al., 2014). 

In addition to this, the human epidermal growth factor receptor 2 (HER2), estrogen receptor 

(ER), progesterone receptor (PR) and the proliferation marker Ki67 are the key proteins that are 

used in the clinical practice to differentiate the intrinsic subtypes (Figure 3B).  
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Figure 3. Breast cancer classifications 

A. Breast cancer intrinsic subtypes and main characteristics, based on a 50-gene expression 

signature (PAM50). 

B. Breast cancer surrogate intrinsic subtypes and main characteristics, generally used in 

clinics, rely on histology and immunohistochemistry expression of characteristic proteins. 

 

Adapted from (Harbeck et al., 2019)  

 

 

Luminal Breast Cancer 

 

 The majority (70%) of breast cancer cases in western populations are luminal breast 

cancers, which are ER-positive tumors (Howlader et al., 2014). Luminal-like tumors are classified 

into Luminal A and B subtypes, which have variable clinical outcomes. ER expression profile is 

used to differentiate between luminal and non-luminal breast cancers, however, it is expressed 

equally in both A and B subtypes. A and B subtypes can be further separated from each other based 

on proliferation-related markers (e.g., Ki67 index).   

A 

B 
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Luminal A tumors generally express estrogen receptor (ER) and/or progesterone receptor 

(PR), but do not express human epidermal growth factor receptor 2 (HER2). The ER-regulated 

transcription factors in this subtype activate genes whose expression is typical in the luminal 

epithelium which lines the mammary ducts (Weigelt, Geyer, et al., 2010). Luminal A cancers are 

low-grade, slow-growing tumors with low expression of proliferation-related genes. The clinical 

prognosis for Luminal A breast cancer is the most favorable (Eroles et al., 2012).  

Luminal B tumors are higher grade and have a poorer prognosis compared to Luminal A 

tumors. Luminal B breast cancers are ER positive and might be PR negative and potentially HER2 

positive. Furthermore, Luminal B tumors are also characterized by high expression of genes related 

to cell proliferation (e.g., MKI67 and AURKA) (Ades et al., 2014).  

 

HER2-Enriched Breast Cancer 

 

 10-15% of breast cancers are HER2-enriched. It is distinguished by a high expression of 

HER2 and a lack of ER and PR. Instead of expressing luminal and basal gene and protein clusters, 

this subtype predominantly expresses genes and proteins associated to proliferation, such as 

ERBB2/HER2 and GRB7 (Danaei et al., 2005). HER2-enriched breast cancer grows more rapidly 

than the luminal tumors and prior to the development of HER2-targeted therapies, this subtype had 

the poorest prognosis. Important to note that HER2-enriched subtype is not equivalent with HER2-

positive breast cancer, since many ER-positive/HER2-positive tumors are entitled as Luminal B 

group. 

 

Basal-Like/Triple-Negative Breast Cancer 

 

 Breast tumors classified as ER-negative, PR-negative, and HER2-negative constitute the 

heterogeneous group known as Triple-Negative Breast Cancer (TNBC). They account for around 

20% of all breast cancer cases. TNBC is more prevalent in women under 40 and in African-

American women (Plasilova et al., 2016). TNBC make up the vast majority (about 80%) of breast 

cancers triggered by BRCA1 germline mutations, while 11–16% of all TNBC carry BRCA1 or 

BRCA2 germline mutations. TNBC has a biologically more aggressive behaviour than other 

cancer types and is frequently associated with the worst prognosis (Newman et al., 2015). 
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Although the labels “TNBC” and “basal-like” have been used indiscriminately, not all TNBC are 

basal type. TNBCs may be categorized into six subtypes based on gene expression profiling: basal-

like (BL1 and BL2), luminal androgen receptor (LAR), mesenchymal stem-like (MSL), 

immunomodulatory (IM), mesenchymal (M), and unspecified group (UNS) (D. Y. Wang et al., 

2019). However, further studies are required to fully understand the clinical implications of the 

subtyping of TNBC and how it affects therapy outcomes.  

 

Claudin-Low Breast Cancer 

 

 7–14% of all invasive breast cancers are claudin-low (CL) breast cancers (Weigelt, 

Baehner, et al., 2010). Low expression of genes involved in cell-cell adhesion, such as claudin 3, 

4, and 7, occludin, and E-cadherin defines the CL subtype. On the contrary, the epithelial-

mesenchymal transition (EMT) genes and stem cell-like gene expression patterns are highly 

expressed in these malignancies (Prat et al., 2010). Claudin-low breast tumors characterized as 

mainly ER-negative, PR-negative and HER2-negative cancers with poor prognosis.  

 

American Joint Committee on Cancer Classification 

 

The American Joint Committee on Cancer (AJCC), has published an anatomy based 

staging approach which is widely accepted worldwide. It incorporates grading, 

immunohistochemistry biomarker and anatomical development analysis to estimate the likely 

prognosis of patients with breast cancer. Initially it relied on only anatomical features as tumor 

size (T), nodal status (N), and metastases (M), but the eighth edition of the AJCC staging manual 

(2018) describes a new prognostic staging method for breast cancer, that also takes into account 

molecular markers (ER, PR, HER2, grade, multigene assays) (Amin et al., 2017).  

The Elston-Ellis modification of the Scarff-Bloom-Richardson grading system (Bloom & 

Richardson, 1957) is the most popular histological grading system for breast cancer (ELSTON & 

ELLIS, 1991). The morphologic characteristics of a tumor, including (a) tubule development, (b) 

mitotic count, (c) variability, and the size and shape of cellular nuclei are evaluated to establish 

the tumor grade. Each aspect is rated with a score ranging from 1 (most favorable) to 3 (least 

favorable). Compared to earlier staging that was solely based on anatomical characteristics of the 
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disease, the updated version of breast cancer staging by biological markers improved the outcome 

prediction (Weiss et al., 2018).  
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Breast cancer treatment strategies 

Surgery 

 

The removal of breast malignant tissues can be accomplished through either a mastectomy or a 

breast-conserving surgery (BCS), which are the two main surgical techniques for breast cancer 

management. BCS, also known as partial or segmental mastectomy, lumpectomy, wide local 

excision, or quadrantectomy enables the removal of the malignant tissue while simultaneously 

preserving the undamaged, healthy breast tissue. It is frequently used in combination with 

oncoplasty, a form of plastic surgery. Mastectomy includes the complete removal of the breast and 

is frequently followed by subsequent breast reconstruction. Despite the fact that BCS appears to 

be far more advantageous for patients, those who have undergone this procedure frequently display 

a tendency to eventually require a total mastectomy (Morrow et al., 2001). However, the main 

benefits of breast conserving surgery include improved cosmetic outcomes, a decreased 

psychological trauma and a lower incidence of postoperative problems (G. A. Rahman, 2011). The 

European Society for Medical Oncology (ESMO) provides guidelines for treating patients with 

early breast cancer that rely on the tumor size, surgical feasibility, clinical profile and the intention 

of the patient to retain the breast (Cardoso et al., 2019). 

 

Chemotherapy 

 

 Chemotherapy is a systemic therapy for breast cancer that can be either neoadjuvant or 

adjuvant. While neoadjuvant treatment aims to decrease the size of large tumors to enable surgery, 

adjuvant therapy is typically applied after surgical excision of the tumor. Neoadjuvant 

chemotherapy can be administered intravenously or orally and is used to treat small tumors with 

poor prognostic molecular subtypes (such as HER2-enriched or TNBC), inflammatory and locally 

advanced breast cancers. Carboplatin, cyclophosphamide, 5-fluorouracil/capecitabine, taxanes 

(e.g. paclitaxel, docetaxel) and anthracyclines (e.g. doxorubicin, epirubicin) are being used in 

combination with one another as part of the treatment. Since distinct molecular breast cancer 

subtypes respond differently to preoperative chemotherapy, choosing the right medication is 

crucial (Rouzier et al., 2005). Despite the fact that chemotherapy is thought to be effective, it 
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frequently causes a number of side effects, such as hair loss, nausea/vomiting, diarrhea, mouth 

sores, fatigue, an increased risk of infection, bone marrow suppression combined with leucopenia, 

anemia and easier bruising or bleeding. Less frequently, but still potential side effects include 

cardiomyopathy, neuropathy, hand-foot syndrome and impaired mental functions. Menstrual cycle 

irregularities and reproductive difficulties may also emerge in younger women (Łukasiewicz et 

al., 2021). 

 

Radiation Therapy 

 

 Breast cancer is often treated locally with radiotherapy following surgery and/or 

chemotherapy. It is done to ensure that all malignant cells are eliminated, thereby reducing the 

chance of a breast cancer recurrence. Additionally, radiation treatment is especially beneficial for 

breast cancer patients who have metastatic or inoperable disease as a palliative care (Jonathan 

Yang & Ho, 2013). The choice of radiation therapy depends on the type of previous surgery or 

specific clinical circumstances. The most common radiation approaches include breast 

radiotherapy (always used after breast cancer), chest-wall radiotherapy (often used after 

mastectomy), and "breast boost" (high-dose radiotherapy following breast conserving surgery). 

The most frequent side effects of radiation therapy are irritation and darkening of the exposed skin, 

fatigue and lymphoedema. However, radiation therapy is strongly associated with an increase in 

overall patient survival rates and a decreased chance of recurrence (Joshi et al., 2007). 

 

Endocrinal Therapy 

 

Patients with the Luminal-molecular subtype of breast cancer may receive hormonal 

therapy as either a neoadjuvant or adjuvant treatment. The blocking of ERs with hormone therapy 

is frequently employed as one of the prospective therapeutic methods since ER expression is a 

highly prevalent feature in breast cancer patients. Endocrinal treatment attempts either to reduce 

estrogen levels or to inhibit the ability of estrogen to stimulate breast cancer cells. Selective 

estrogen receptor modulators (SERMs) (e.g. tamoxifen, toremifene) and selective estrogen 

receptor degraders (SERDs) (e.g. fulvestrant) are treatment regiments that block ERs, whereas 

aromatase inhibitors (AIs) are therapies that attempt to reduce the level of estrogen (letrozole, 
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anastrazole, exemestane) (Tremont et al., 2017). Although over 50% of hormonoreceptor-positive 

breast cancers under such treatment develop gradually resistance to hormonal therapy, mortality 

rates are lower when chemotherapy is combined with endocrine therapy (Drǎgǎnescu & Carmocan, 

2017). 
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Metastasis 

The metastasis formation is a complex multi-step cascade where cancer cells spread from 

the primary lesion to a distant organ. To metastasize, cancer cells must go through a specific 

sequence of events, including escape from the primary tumor, local invasion, followed by 

intravasation into the bloodstream, survival in the circulation and finally trans-endothelial 

migration into a new site, also referred as extravasation and metastatic seeding (Pantel & 

Brakenhoff, 2004; Valastyan & Weinberg, 2011) (Figure 4.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. The multistep mechanism of breast cancer metastasis 

a. Some cancer cells in the primary breast tumor are escaping the tumor mass to locally 

invade nearby tissues.  

b. Trans-endothelial migration of metastatic tumor cells into the bloodstream 

(intravasation) and survival in the circulation. 

c. Trans-endothelial migration into a new site (extravasation) and colonization of a distant 

tissue. The brain is shown here as the most lethal metastatic location for breast cancer 

patients.   

 

Adapted from: (Riggio et al., 2021)  
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More than 90% of breast cancer-related fatalities are caused by metastasis, frequently as a 

result of the impairment of a crucial organ function (Chaffer & Weinberg, 2011). De novo 

metastatic disease can emerge when metastases are already present at the time of the initial 

diagnosis. However, metastases often appear only following the curative therapy as a form of 

relapse or recurrence (Seltzer et al., 2020). It has been reported that in addition to lymph nodes, 

breast cancer cells typically spread to the bones, lungs, liver and brain. Furthermore, clinical 

observations suggest that distinct types of breast cancer exhibit diverse organ tropisms (Lorusso 

& Rüegg, 2012) (Figure 5.) 

 

 

 

 

 

 

 

 

Figure 5. The most common breast cancer metastatic locations 

Breast cancer cells metastasize mainly to the bone (67%), liver (40,8%), lungs (36,9%), the 

axillary lymph nodes (30-50%) and to the brain (12,6%). Depending on the genetic subtype, breast 

cancer approaches diverse distant metastatic sites. As an example, the axillary lymph nodes are 

mainly affected by Luminal A and B subtype, while the liver is more frequently metastasized by  

HER2+ and Triple negative breast cancer subtypes 

 Adapted from: (Harbeck et al., 2019) 
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Cell fate of the disseminated cancer cells 

Disseminated cancer cells (DTCs) are tumor cells, that are physically separated from the 

primary tumor and managed to spread to a distant location. It is thought that cancer cells that have 

escaped from the primary tumor and settled in secondary sites are the cause of metastatic relapse 

(Klein, 2009). However, the metastatic cascade is extremely ineffective. According to estimations, 

around 99,98 percent of disseminated tumor cells perish before developing into metastasis (Gupta 

& Massagué, 2006). Therefore, colonization is considered as the rate-limiting phase of the 

metastatic process (Vanharanta & Massagué, 2013).  

Sir Stephen Paget introduced the "seed-and-soil" theory in 1889, which postulated that 

disseminated tumor cells (seeds) induce metastasis once they reach a tissue (soil) that permits them 

to survive and proliferate. Three important points were emphasised: first, metastases can only 

develop in particular organs with biologically appropriate microenvironments, second, metastases 

consist of both tumor and host cells and third, metastasis is the result of a close communication 

between DTCs (the seeds) and the surrounding microenvironment (the soil) (Paget, 1989). After 

more than 130 years, Paget's ground-breaking observations are still accurate, supporting the idea 

that the fate of DTCs is determined by a delicate equilibrium between cell-extrinsic and cell-

intrinsic variables (Langley & Fidler, 2011).  

It is well known that certain cell-extrinsic determinants provided by the ‘soil’ affect the 

metastatic success, such as seeding in close proximity to blood vessels, the formed pre-metastatic 

niche by primary tumors as well as the activity of the immune system (locally and systemically) 

(Peinado et al., 2017; Shiao et al., 2011). A few noteworthy cell-intrinsic cues that control the 

"seeds" are the ability to self-renewal and adapt to new environments, as well as genetic and 

epigenetic plasticity (Valastyan & Weinberg, 2011). Disseminated tumor cells therefore can 

ultimately face several fates once they reach the target organ: metastatic outgrowth, cell death 

(spontaneous or immune-mediated) or cancer dormancy (Figure 6).  

. 
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Figure 6. Cancer cell fate at the new metastatic loci 

Following extravasation, the disseminated cancer cells will interact with the cells of the distant 

sites. Different cell-extrinsic and cell-intrinsic factors will determine the fate of DTCs. 7a. Cancer 

cells can form metastatic outgrowth, 7b. DTCs die via spontaneous or immune-mediated 

apoptosis, 7c. Tumor cells may remain dormant. While apoptosis of the cancer cells result is 

unsuccessful metastasis, dormant cancer cells might eventually resume dormancy and form 

metastasis. (TME: Tumor-microenvironment, RBC: Red blood cell, WBC: White blood cell) 

Adapted from: (Riggio et al., 2021) 
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Dormancy 

Metastasis is the primary cause of breast cancer-related deaths and the greatest difficulty 

challenging clinical oncologist is the inability to prevent and treat recurrent cancer. It is important 

to note that at the time of the first diagnosis, dissemination had already taken place in many patients 

whereas our understanding on the biology of disseminated cancer cells is extremely limited. 

Considering that disseminated dormant cells are possibly the sources of cancer recurrence, it is 

crucial to better comprehend the mechanisms of cancer cell dormancy (Klein, 2011). 

The Australian pathologist Rubert A. Willis established the term "dormancy" in the first 

half of the 20th century (Willis, 1935). Cancer dormancy is a stage of tumor progression which is 

characterized by the presence of viable cancer cells without the expansion of the tumor mass. 

Clinically, it is defined by a prolonged period between the treatment of the primary tumor and the 

relapse, when the patient is considered as clinically free of cancer. Tumor dormancy can manifest 

as single dormant cells or as micrometastases. The term "single dormant cell" refers to cells that 

are at cell cycle arrest, while in the micrometastases, apoptosis and cell proliferation are in an 

equilibrium, preventing the increase of the tumor burden (Holmgren et al., 1995; Naumov et al., 

2016).  

Dormancy can last for extended period of time – even years, however, for reasons that are 

still unclear dormancy can resume and lead to recurrence. Numerous factors may contribute to the 

regrowth of cancer cells, thereby controlling the initiation and termination of dormancy: (1) 

genetic and epigenetic changes; (2) angiogenesis; (3) immune surveillance; and (4) the 

microenvironment (Figure 7). 
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Figure 7.  

 

 

 

 

 

Figure 7. The possible fates of disseminated cancer cells  

 

Disseminated cancer cells can face several fates at the secondary sites. If the microenvironment 

is not favouring the cell survival, the cells will die (A), or if the microenvironment is favourable, 

the arriving cancer cells can form metastatic lesions (B), or the cells can go into a dormancy (C). 

Dormancy can appear as single cell dormancy, where cells have the ability to initiate cell cycle 

arrest, or as micrometastasis (tumor mass) dormancy, where a balance in apoptosis and cell 

proliferation prevents tumor growth. Depending on several factors, such as genetic and epigenetic 

variations, the activity of the immune system, the blood vessel development (angiogenesis) and 

microenvironmental factors dormant cancer cells can quite dormancy and form late metastases.  

 

Adapted from (Gelao et al., 2013) 
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Genetic and epigenetic differences influencing dormancy 

Disseminated tumor cells might not only arise from the established primary tumors. Early 

DTCs are epithelial cells found in pre-invasive lesions that have the ability to conduct epithelial to 

mesenchymal transition and disseminate. Due to early-stage dissemination, such early DTCs that 

survive and may acquire the ability to proliferate, evolve differently from the primary tumor 

(Hüsemann et al., 2008). This could result in metastasis with features that differ from the primary 

tumor and could explain why treating metastasis with therapies solely based on the characteristics 

of the primary tumor are often unsuccessful. Furthermore, early DTCs can also shape or develop 

pre-metastatic niches for other disseminated tumor cells. Therefore, even if early DTCs themselves 

are dormant or senescent, they might still have an impact on the development of metastasis (Figure 

8).  

Almog and colleagues developed a tumor dormancy in vivo model for breast carcinoma, 

liposarcoma, glioblastoma and osteosarcoma (Almog et al., 2009). By using genome-wide 

transcriptional analysis, the authors compared the gene expression patterns of fast-growing tumors 

and quiescent tumors. Their findings revealed that fast-growing tumors displayed a 

downregulation of the expression of thrombospondin, an angiogenic inhibitor, as well as a decrease 

in sensitivity to angiostatin, another angiogenic inhibitor. Their findings indicate that the tumor 

vascular niche might be important in the dormancy escape. 

MicroRNAs have also been associated to cancer dormancy. As an example, it was 

discovered that 16 microRNAs were overexpressed in dormant tumors and their downregulation 

was linked to the transformation of dormant to growing malignancies (Almog et al., 2012).  

Another method of controlling gene expression in both dormant and proliferative cancer 

cells are epigenetic modifications. Using 20 breast cancer samples, Metge et al. showed that the 

promoter of the breast cancer metastasis suppressor 1 (BRMS1) gene was hypermethylated in 45% 

of the primary tumors and 60% of the matching lymph node metastases. This aberrant methylation 

resulted in the loss of its gene expression (Metge et al., 2008).  
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Figure 8. Heterogeneous DTC subpopulations form distinct metastases  

a.  Metastasis might be also initiated by cells (Early DTCs) from the pre-invasive lesions. The 

genetic and epigenetic phenotype of such early DTCs possibly differ from Late DTCs. As it is 

indicated by the blue line, the size of the tumor mass decreases as the primary tumor is diagnosed, 

treated and surgically removed. After months, years or even decades, the size of the tumor mass 

could increase as a metastasis is formed (dashed red lines). DTCs, that disseminate at different 

stages of tumor progression might form heterogeneous masses, resulting in metastases with 

varying phenotypic characteristics (Klein, 2009) b. Schematic representation of the hypothesis, 

about how Early DTCs could interact with different stromal cells (such as endothelial cells, 

osteoclasts, fibroblasts or different immune cells) to form Early DTC pre-metastatic niches 

(EDPNs), that could favour either the dormancy or the proliferation of the later arriving DTCs.  

 

Adapted from (Sosa et al., 2014) 
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Micrometastasis dormancy 

Angiogenic-dormancy 

 

A vascular supply provided by angiogenesis is necessary for the growth of a tumor mass 

(Folkman, 1989). According to several studies, quiescent micrometastases are non-vascularised 

tumors with a balance between pro-angiogenic factors (vascular endothelial growth factor 

(VEGF), PDGR, fibroblast growth factor (FGF), Angiopoietin) and anti-angiogenic factors 

(endostatin, angiostatin, and TSP), with a minor dominance of the latter ones (Hanahan & 

Folkman, 1996) (Figure 9). Thus, the ability of micrometastasis to release angiogenic factors and 

downregulate angiogenic suppressors determines their capability to proliferate. 

Using cell lines from breast cancer, osteosarcoma and glioblastoma, Naumov et al. 

established a model of human tumor dormancy that compares non-angiogenic and angiogenic 

malignancies (Naumov et al., 2006). When SCID (severe combined immunodeficient) mice were 

subcutaneously injected with non-angiogenic human cancer cell lines, the majority of the tumors 

that developed remained microscopic (1-mm diameter) for extended periods of time. Some of them 

became vascularized and were isolated and the acquired cells were used as angiogenic tumor cells. 

Surprisingly, these angiogenic cancer cells developed palpable tumors more frequently and earlier 

than the non-angiogenic cell lines. The authors came to the conclusion that the prolonged 

dormancy in the non-angiogenic cell lines was probably caused by decreased angiogenic capacity, 

rather than the mechanisms of quiescence or apoptosis, considering that there were no significant 

differences in the rates of proliferation and apoptosis between the two cell types. This conclusion 

was confirmed by a genome-wide transcriptional analysis that revealed significant alterations in 

the expression of genes linked to angiogenesis in various cancer cells (Almog et al., 2009).  

The phrase "angiogenic switch" refers to the capacity of the tumor to switch from a non-

angiogenic to an angiogenic phenotype, thus might be responsible for dormancy escape. This 

transition is triggered by decreased expression of angiogenesis inhibitors and increased expression 

of pro-angiogenic proteins by both cancer and stromal cells (Naumov et al., 2016). To better 

understand the angiogenic switch and consequently, find novel therapeutic targets to either induce 

or maintain tumor dormancy or alternatively, to trigger dormant cell death, a plethora of efforts 

are still required. 
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Figure 9. Schematic representation of angiogenic dormancy and the angiogenic switch 

In dormant micrometastases the poorly developed vascular system can be responsible for the 

constant tumor burden (lack of expansion). In angiogenic dormancy the pro-angiogenic (VEGF, 

PDGF, FGF, Angiopoietin) and anti-angiogenic (Thrombospondin, Angiostatin, Endostatin) 

factors are in equilibrium. The capability of micrometastasis to release angiogenic factors and 

downregulate angiogenic suppressors determines their ability to proliferate and to escape 

dormancy. 

 

Adapted from (Gelao et al., 2013) 
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Immune-mediated dormancy 

 

Immune surveillance has long been recognized as a crucial component in the prevention of 

tumor growth and development. Furthermore, tumor cells in established tumors have to acquire 

the ability for immune evasion (Dunn et al., 2004). In addition to its role in preventing early tumor 

development, the immune system also proved to be crucial for tumor mass dormancy.  

The cancer immune-editing hypothesis suggests that the three stages of tumor development 

are elimination, equilibrium, and escape (Dunn et al., 2002) (Figure 10). In this model, the cancer 

surveillance phase is represented by the elimination phase, wherein the cells of the innate and 

adaptive immune system can eradicate the tumor and protect the host against the subsequent cancer 

development. If this process fails, the tumor cells might enter an equilibrium phase where they 

could be maintained or immunologically shaped by “immuno-editors" to create new populations 

of tumor variants. The equilibrium phase refers to dormancy. The chromosomal instability of the 

cancer cells is one of many variables that affect how long this equilibrium lasts. Chromosomal 

abnormalities in tumor cells accumulate over time resulting in a different phenotype, gives them 

the potential to elude the antitumor immune response and emerge from dormancy (Dunn et al., 

2004).  

Numerous studies show that the humoral and cellular immune systems both help to 

maintain dormancy. Interestingly, by immunizing against tumor cells, it is possible to induce tumor 

dormancy in immune-competent hosts. For instance, in the BCL1 lymphoma model, immunization 

with immunoglobulin (Ig) generated from BCL1 to elicit an anti-idiotype immune response can 

induce tumour dormancy (Uhr, 1995). 

Also, Eyles et al. demonstrated, using a spontaneous melanoma model in metallothionein 

(MT)- ret/AAD mice, that CD8+ T cells are crucial in the maintenance of tumor dormancy at the 

metastatic site. In this melanoma model, CD8+ antibody-induced immune system suppression 

significantly accelerated the spread of metastatic disease. Genome-wide single-nucleotide 

polymorphism analysis revealed a high degree of genetic similarity between the primary and 

metastatic sites, suggesting that metastases may have originated from tumor cells that disseminated 

from the primary tumor at an early stage. According to these findings, disseminated tumor cells 

would become dormant and avoid immune surveillance, and their escape from the immune system 

would lead to the establishment of metastatic lesions (Eyles et al., 2010). 
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Figure 10. Immuno-editing hypothesis 

 

Proliferating tumor cells are maintained at sub-clinical numbers by the activity of the immune 

system. Several cell types, such as T-cells, B-cells, regulatory T-cells (Treg-cells), natural-killer 

cells are involved in the elimination of the cancer cells. Some of the cells might manage to evade 

the immune system and enter an equilibrium, which represent the immune-mediated tumor mass 

dormancy. After years or even decades later, if the tumor cells can escape immunosurveillance, 

cancer cells can progress into overt metastatic lesions.  

 

Adapted from (Gelao et al., 2013) 
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Cellular dormancy 

 Cellular dormancy is another type of cancer dormancy (Vera-ramirez & Hunter, 2017). 

Cellular dormancy is frequently identified as a reversible non-proliferative state of a cell. 

Currently, three distinct non-proliferative cellular phenotypes have been identified: cancer 

dormancy, senescence and quiescence. Senescent cells are metabolically active, but even in a 

favourable environment, their ability to proliferate is diminished (Takahashi et al., 2006). On the 

contrary, one of the main features of the quiescent and dormant cells is their ability to resume 

proliferation and re-enter cell-cycle, following an inactive period (Coller et al., 2006). Quiescence 

and dormancy are largely comparable cell statuses; however, they differ in how the cells re-enter 

the cell cycle. Quiescence, commonly known as G0, is a brief pause in proliferation that will be 

resumed when circumstances are favourable (Considine & Considine, 2016). The perception of 

dormancy as a more profoundly arrested condition suggests that it is more persistent than 

quiescence (Coller et al., 2006).  

 A growing body of research has shed light on the molecular mechanisms of cellular 

dormancy and reawakening. According to a plethora of studies, the extracellular signal-regulated 

kinase (ERK) activity is strongly implicated in the determination, whether cancer cells will enter, 

stay in dormant state or start to proliferate. Persistently proliferating cells possess constitutive ERK 

activity, which allows the transition between G0, G1 and S phases and therefore cell division 

(Chambard et al., 2007; Mebratu & Tesfaigzi, 2009). Upon ERK-induced proliferation, high p38 

mitogen-activated protein kinase (p38) acts as an inhibitory regulator of ERK and limits cell 

proliferation, by initiating G0-G1 cell cycle arrest or promoting senescence and apoptosis 

(Aguirre-Ghiso et al., 2003; Dhillon et al., 2007). Indeed, a study, using a luciferase reporter 

system demonstrated direct evidence of p38/ERK activity as a marker of dormant cancer cells in 

various types of cancer, such as prostate cancer, melanoma, fibrosarcoma and breast cancer 

(Aguirre-Ghiso et al., 2003). Cancer cells with low p38 activity and high ERK activity were highly 

proliferative in vivo, whereas cancer cells with high p38 activity and low ERK activity were unable 

to proliferate, indicating that they were dormant in vivo. Meanwhile, numerous pharmacological 

and genetic therapeutic strategies that shift the balance of p38/ERK activity towards ERK were 

able to terminate dormancy and trigger cancer progression. Therefore, it appears that regulatory 
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factors that alter the balance of ERK and p38 activities have a significant impact on whether cancer 

cells proliferate or remain dormant (Sosa et al., 2011).  

 By regulating epidermal growth factor receptor (EGFR) signalling, the urokinase 

plasminogen activator (uPA) pathway has been linked to a transition from cancer dormancy to 

proliferation (D. Liu et al., 2002). uPA is a serine protease, produced and secreted by a wide variety 

of cells, including immune cells, fibroblasts and epithelial cells. The binding of uPa to its receptor 

(uPAR) triggers a proteolytic cascade, which result in the transformation of plasminogen to 

plasmin (Mahmood et al., 2018). Through its proteolytic activity, plasmin degrades a variety of 

extracellular components and by activating other enzymatic proteins like metalloproteases, it 

facilitates the invasion of cancer cells. The uPAR-uPA interaction activates integrin and EGFR 

signalling, independently of the catalytic activity (Figure 11). This, in turn, lowers p38 activity 

and concurrently activates ERK, therefore promoting the mitotic cascades (Aguirre-Ghiso et al., 

2001; Aguirre-Ghiso et al., 2003). However, it has been found that dormant cancer cells express 

low levels of uPAR, which results in low levels of integrin and EGFR activation and therefore, 

high p38 and low ERK activity (Aguirre-Ghiso et al., 2003)Additionally, ERKlow/p38high activity 

promotes G0-G1 arrest by downregulating G1 exit-promoting transcription factors (TFs) like 

FOXM1 and c-Jun and upregulating G0-G1 arrest-promoting TFs such basic helix-loop-helix 

protein 3 (BHLHB3) and nuclear receptor subfamily 2 group F member 1 (NR2F1) (Adam et al., 

2009). Therefore, the quiescence program of dormant cancer cells is mediated by the 

combinational regulation of TFs by p38high/ERKlow activity (Sosa et al., 2011). 

 

  



47 

 

 

 

  



48 

 

 

Microenvironmental regulation of cellular dormancy 

Extracellular matrix and dormancy 

 

The fate of dormant cancer cells, whether they apoptose, remain dormant or emerge from 

dormancy within the metastatic milieu also depends on the composition of the extracellular matrix 

and its impact on adhesion signalling.  

 

Integrin-mediated awakening 

 

Transmembrane heterodimeric glycoproteins called integrins mediate communication 

cascades from cells to cells and from cells to the extracellular matrix (ECM). In both cancer cells 

and normal healthy cells, integrin signalling regulates cell proliferation, survival and motility by 

activating a number of intermediaries, such as cytosolic tyrosine kinases (Barkan & Green, 2011). 

Numerous studies have shown that the transition from cellular dormancy to metastatic expansion 

both in vitro and in vivo is strongly regulated by integrin signalling, particularly by that of β-1 

integrin (Barkan et al., 2008, 2010; Barkan & Green, 2011; Shibue & Weinberg, 2009). 

Downregulation of the uPA-uPAR interaction results in a loss of β-1 integrin signalling, which 

may facilitate the transition of cancer cells from a proliferative to a dormant state (Aguirre-Ghiso, 

et al., 2003). Also, in a three-dimensional basement membrane assay, blocking β-1 integrin 

signalling using an antibody induced the growth arrest of breast cancer cells (Weaver et al., 1997). 

Interestingly, cell cycle arrest was restored, and cancer cell proliferation was restarted when the 

anti-integrin antibody was removed.  

The mouse mammary tumor cell lines D2.OR and D2A1 both proliferate exponentially in 

two-dimensional cultures, but D2.OR is unable to grow in three-dimensional cultures and goes 

into dormancy; this is consistent with in vivo findings that D2A1 generates lung metastases rapidly, 

whereas D2.OR has a prolonged latency. Additionally, the ability of the highly metastatic D2A1 

mammary carcinoma to grow in three-dimensional cell culture seems to be strongly dependent on 

the presence of fibronectin, β-1 integrin signalling and downstream phosphorylation of the myosin 

complex, suggesting that upregulating β-1 signalling allowed dormant cancer cells to re-enter the 

cell cycle (Barkan et al., 2008). The mouse mammary cancer cell lines D2.OR and D2A1 were 
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found to be dependent on β-1 integrin signalling for metastatic outgrowth in another in vivo study 

as well. Collagen binding to integrin receptors led to the activation of FAK/Src and subsequent 

ERK phosphorylation. Cell proliferation induced by ERK activation via integrins promoted the 

spread of metastatic disease (Boyerinas et al., 2013). 

A downstream molecule of β-1 integrin called focal adhesion kinase (FAK) has also been 

associated to the control of cancer cellular dormancy. In a mouse mammary tumor virus (MMTV) 

transgenic breast cancer model, Cre-LoxP-mediated deletion of β-1 integrin inhibits tumor growth 

in vivo by decreasing FAK phosphorylation (White et al., 2004). These findings imply that the 

interaction between β-1 integrin/FAK and the MAPK pathway is crucial for the growth of cancer 

cells (Figure 11).  
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Figure 11. Integrins, uPAR and EGFR in cellular dormancy 

Metastatic cells can modify and alter their microenvironment to introduce signals that promote 

growth when they have the proper microenvironment and receptors. In uPAR-rich squamous 

carcinoma, fibronectin-derived signals are transduced by uPAR-α5β1integrin-EGFR (or ERBB2) 

and FAK, generating ERK activation and p38 inactivation via cell division cycle 42 (CDC42), 

resulting in G0-G1 exit and cancer cell proliferation (Ki67+). Loss of any of these surface 

receptors (uPAR, α5β1integrin, EGFR), that transmit the growth signals (such as fibronectin) 

cause stress signalling (Low FAK-Ras-ERK and High CDC42 and p38 activity), which might 

trigger dormancy (Ki67-). 

 

Adapted from (Aguirre-Ghiso, 2007a) 
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Discoidin domain receptor 1-mediated awakening 

 

Collagen binding can activate the non-canonical discoidin domain receptor 1 (DDR1) 

signalling, which is known to promote cancer cell growth at metastatic regions. Mechanistically, 

the protein kinase C α (PKC α) is activated by the interaction of DDR1 and syntenin 2 via 

tetraspanin transmembrane 4 L six family member 1 (TM4SF1). Activated PKC α then 

phosphorylates Janus Kinase 2 (JAK2), which in turn phosphorylates Signal Transducer and 

Activator of Transcription 3 (STAT3). Constitutive activation of STAT3 in cancer enhances cancer 

cell proliferation by increasing the transcription of cell cycle regulators such c-Myc and cyclin D. 

Indeed, micrometastatic lesions are generally surrounded by collagen, according to histopathologic 

examination of metastatic murine breast cancer cells. The majority of tumor cells away from 

collagen in metastatic tissues are showing dormant phenotype, while those close to collagen are 

proliferative. These findings also demonstrate how the interplay between dormant cancer cells and 

the ECM affects cancer cell behaviour and reactivation (Gao et al., 2016) (Figure 12).  

 

Wnt-mediated awakening 

 

 Wnt signalling has also been associated to the ECM-induced reactivation of dormant 

cancer cells. Wnt is a well-known inducer of proliferation and is known to regulate a wide range 

of biological processes. Wnt activation facilitates the G1-to-S transition by controlling cyclin D1, 

cyclin E1, and c-Myc both transcriptionally and non-transcriptionally (Lecarpentier et al., 2019). 

Consequently, one mechanism by which cancer cells enter quiescence is the suppression of Wnt 

signalling by the production of Dickkopf WNT signalling pathway inhibitor 1 (DKK1). Tenascin-

C is known to promote the metastatic expansion of breast cancer cells by enhancing Wnt signalling. 

Tenascin-C is initially produced by metastasis-initiating cancer cells and later released from 

stromal fibroblasts. Tenascin-C promotes Wnt signalling activation and facilitates metastatic 

colonization by binding to syndecan-4, a coreceptor of the Wnt receptor Frizzled-7 (FZD). 

Additionally, it has been identified, that Periostin can attract Wnt ligands to the metastatic area. 

Periostin as well as Tenascin-C, mostly secreted by TGF-β activated stromal fibroblasts. 

Additionally, by co-assembling with fibronectin and altering its adhesiveness and stiffness, both 

Tenascin-C and Periostin can promote integrin signalling through an indirect pathway. These data 
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collectively imply that the ECM components from both stromal and cancer cells may create a 

permissive environment that facilitate the activation of signalling pathways that enable metastatic 

expansion (Malladi et al., 2016) (Figure 12).  
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Inflammation and dormancy 

 

There is mounting evidence that chronic inflammation contributes to the development of 

cancer. For instance, patients with inflammatory bowel disease have an increased risk of 

developing colorectal cancer. Additionally, the incidence of liver cancer development is correlated 

with hepatitis and fatty liver disease and oesophageal cancer can result from acid reflux 

esophagitis. 

Free radicals, such as reactive oxygen and nitrogen species (RONS) accumulate during 

inflammation and induce double-strand breaks in DNA, which are mutagenic if they are not rapidly 

and precisely repaired, and thus capable of triggering the transformation of normal cells into 

cancerous cells (Yang et al., 2018). Free radicals can also activate a variety of signalling pathways, 

such as MAPK/ERK, PI3K/Akt, and nuclear factor kappa-B (NFκB), which promote the 

malignancy of cancer cells (Liou & Storz, 2010).  

However, not all individuals who have encountered a chronic inflammatory condition will 

acquire cancer throughout their lifetime. These phenomena made people wonder if there was a 

cause-and-effect connection between cancer and chronic inflammation. One explanation for this 

contradictory evidence is that reawakening dormant cancer cells might play a significant role in 

the emergence of cancer from chronic inflammation. 

Chronic inflammation, for instance, promotes angiogenesis, which as explained above, can 

terminate dormancy by providing oxygen and nutrients and thus promotes cancer growth (Teng et 

al., 2008). Furthermore, recurrence of cancer, including oral (Okubo et al., 2016), endometrial 

(Machida et al., 2017)and particularly breast cancer and inflammation are strongly correlated 

(Bowers et al., 2014; Hughes et al., 2015). It has been reported, that the inflammatory cytokine 

interferon-gamma (IFN- γ) has the ability to trigger cancer break out from its dormant state 

(Kmieciak et al., 2013). Furthermore, this theory is also supported by the correlation between high 

blood inflammatory cytokine levels and cancer recurrence. High levels of circulating acute-phase 

proteins (APPs) were significantly correlated with distant recurrence in a cohort of 734 breast 

cancer patients (Cole, 2009). In addition, other inflammatory indicators in the blood like C-reactive 

protein (CRP) and interleukin 6 (IL-6) have demonstrated their potential as post-treatment 

prognostic monitoring factors for determining the likelihood of cancer recurrence and patient 

mortality (Duffy et al., 2008; Shrotriya et al., 2018; Toiyama et al., 2013). IL-6 regulates the 
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release of hepatocyte CRP and tumor necrosis factor (TNF) and interleukin-1 (IL-1) enhance the 

production of CRP. Increasing levels of CRP in the serum frequently indicate tissue injury.  

According to a mouse model of pancreatic cancer, circulating cancer cells underwent 

epithelial to mesenchymal transition (EMT) and implanted metastatic colonies in the liver. The 

rate of EMT and invasive potential were the highest at inflammatory locations. However, treatment 

with an immunosuppressive drug, called dexamethasone eradicated EMT and cancer invasiveness. 

These findings suggest that by promoting the EMT process in cancer cells, inflammation can act 

as a driver in the development of cancer (Rhim et al., 2012).  

The formation of macroscopic metastases can also be induced by localized inflammation 

in the lungs, which can promote cancer cell dormancy escape (Weaver et al., 1997). Within this 

process, the expression of Zeb1, a potent inducer of EMT was necessary for cancer cells to emerge 

from dormancy. On the other hand, cancer cell reactivation in the lung was prevented by neutrophil 

depletion, achieved by the injection of antibodies against the locus of the lymphocyte antigen 6 

complex (Ly6G) (Albrengues et al., 2018a). Collectively, these findings are consistent with the 

hypothesis, that inflammation function as a tumor promoting factor by triggering the awakening 

of dormant disseminated cancer cells.  
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Cellular factors in dormancy escape 

 

Natural killer cells and dormancy 

 

It has been discovered that DCCs are more resistant to the cytotoxicity of natural killer 

cells (NK cells), however, the role of NK cells in cancer dormancy and reactivation has not yet 

been established. DTCs were shown to activate p38 and self-renewal pathways through SRY-Box 

Transcription Factor 2 (Sox 2) and SRY-Box Transcription Factor 9 (Sox 9) in a “Latency-

competent tumor model”, wherein dormant clones were collected from an in vivo metastasis assay. 

Additionally, it has been demonstrated that Sox2 promotes DKK1 production, which blocks Wnt 

signalling as well as associated proliferative pathways (Malladi et al., 2016). While DTCs with 

low DKK1 expression are nonetheless proliferative and vulnerable to NK cell cytotoxicity, DCCs 

that enter dormancy via DKK1 are able to prevent NK cell-mediated cell death (Figure 12). 

 

CD4+ and CD8+ T-cells and dormancy 

 

 Recently, a rising amount of evidence has drawn attention to the potential contribution of 

CD4+ and CD8+ T cells to the maintenance of cancer dormancy (Linde et al., 2016; H. Wang et 

al., 2019). Dormant cancer cells exhibited minimal levels of cancer antigen expression and were 

significantly less sensitive to adaptive immunity. Furthermore, an in vivo xenograft model using 

clones of dormant murine breast cancer cells selected with constitutive doxorubicin treatment has 

shown that CD8+ and CD4+ T cells are also participating in chemotherapy-mediated dormancy 

(Lan et al., 2019). Through an autocrine and self-sustaining upregulation of interferon regulatory 

factor 7 (IRF7) chemotherapy treatment stimulated IFN signalling in cancer cells. CD4+ and CD8+ 

T cell expansion was enhanced by IRF7/IFN signalling, while inhibiting the deployment of 

CD11b+Gr1+ myeloid-derived suppressor cells. Together these effects promote immune 

cytotoxicity, which leads to immune-mediated cancer dormancy (Figure 12).  
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Pericytes and dormancy 

 

 It has been shown in mice brain, that disseminated cancer cells can cross the blood-brain 

barrier and attach to brain capillaries (Valiente et al., 2014). Their position and behaviour 

resembles to pericytes as they spread on the brain capillaries, moved along the vessels and 

remained dormant for extended periods of time (Er et al., 2018). Despite the fact that the 

mechanism of dormancy was not investigated in that study, it was discovered that the adhesion 

molecule L1CAM on DTCs mediates access to the perivascular niche and drives transcriptional 

programs that awaken dormant disseminated tumor cells, which in turn trigger metastasis. So far 

it is unclear whether the reactivation of the dormant cancer cells were driven by their pericyte-like 

behaviour or by the modifications of the perivascular niche. 

 

Fibroblasts and dormancy 

 

Fibroblasts are one of the most common cell types in tumor microenvironment and 

participate in a variety of biological and pathological processes, including inflammation, wound 

healing and metastasis (Malanchi et al., 2012). However, there is limited and frequently 

contradicting study on how fibroblasts contribute to cancer dormancy, probably due to their high 

heterogeneity. It has been demonstrated that normal fibroblasts repress and confine nearby aberrant 

hyperplasia to a dormant state (Zhou et al., 2016). The "neighbour suppression phenomenon" 

describes how reversibly activated fibroblasts in the early stages of tumor initiation prevent 

neighbouring transformed cells from growing by interfering via cell-to-cell contact (STOKER et 

al., 1966). Furthermore, it has been demonstrated that normal lung fibroblasts can prevent the 

expansion of human prostatic cancer cells without any physical contact as well (Kirk et al., 1981). 

Additionally, by lowering p16 and cyclin D1 levels in vivo, fibroblasts in mouse skin have been 

demonstrated to suppress the proliferation of melanoma cells (Zhou et al., 2016). These suggest 

that the neighbour suppression-dependent tumor dormancy by the normal fibroblast can prevent 

the cancer cells from expansion. 

On the contrary, Fane et al. found that following an age-induced reprogramming, 

fibroblasts are able to awaken dormant melanoma cells within the lung. They identified WNT5A 

as an activator of dormancy in melanoma cells and interestingly, they showed that fibroblast 
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secreted sFRP-1 can inhibit WNT5A and thus inducing the metastatic outgrowth of disseminated 

dormant cancer cells (Fane et al., 2022). 

Cancer-associated fibroblasts (CAFs) are irreversibly activated fibroblasts. In the tumor 

microenvironment, CAFs are the main producers of TGF-β, which has been shown to keep 

disseminated tumor cells dormant (Bhowmick et al., 2004). In head and neck squamous cell 

carcinoma (HNSCC) high levels of TGF-β have been found to support the maintenance of the 

dormant state of cancer cells (Bragado et al., 2013). However, TGF-β can also promote the 

proliferation of cancer cells. According to Qin et al., TGF- β stimulated the expression of a matrix-

specific protein, called periostin, which facilitated the growth, migration, and invasion of HNSCCs 

(Qin et al., 2016).  

 During the desmoplastic process, CAFs have a strong capacity for ECM synthesis and 

remodelling. Cancer cell dormancy is correlated with the stiffness of the tumor stroma, which is 

primarily regulated by CAFs. When A549 lung cancer cells were cultured in an ECM-mimicking 

Matrigel system, the expression of uPA, uPAR, MMP2, MMP7, MMP9 significantly decreased, 

and the cells went into a drug-resistant dormant state (Keeratichamroen et al., 2018). The fate of 

the dormant cancer cells may also depend on the composition of the ECM. According to research 

by Barkan et al., type I collagen and fibronectin can activate PI3K/Akt and FAK to promote the 

proliferation of dormant D2.OR cells (Barkan et al., 2008, 2010). Tenascin-C, which is 

increasingly produced by activated fibroblasts in the metastatic niche, might prevent pro-dormancy 

cellular reprogramming by sequestering TGF-β in an inactive state and thus promote proliferative 

signalling (Oskarsson et al., 2011) (Figure 12).  

 

Neutrophils and dormancy 

 

 Neutrophils have received a lot of interest lately due to their ability to reactivate dormant 

cancer cells. The evidence for the role of neutrophils in dormancy escape was provided by 

Albrengues et al. In these experiments, chronic lung inflammation was induced by cigarette smoke 

exposure or lipopolysaccharide inhalation, which also transformed dormant cancer cells into 

rapidly proliferating cells, leading to a rise in metastasis. Dormant cancer cell awakening was 

mediated through the formation of neutrophil extracellular traps (NETs), which are scaffolds of 

chromatin that release cytotoxic enzymes and proteases into the extracellular area. In more details, 
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NETs released two proteases, neutrophil elastase and matrix metalloproteinase 9 (MMP9), which 

cleaved and modified laminin one after the other. In turn, the modified laminin stimulated the 

proliferation of dormant cells via activating integrin α3β1 signalling (Albrengues et al., 2018b) 

(Figure 12).  

 

Macrophages and dormancy 

 

The contact between cancer cells and myeloid cells is also a factor contributing to the 

development of cancer. As an example, by secreting the chemokine C-C-motif ligand 2 (CCL2) 

and VEGF, inflammatory monocytes with Ly6C expression can promote the extravasation of 

cancer cells in the lung (Doak et al., 2018; B.-Z. Qian et al., 2011). Also, it has been reported that 

macrophages can attach to cancer cells to prolong their survival. During this process, the vascular 

cell adhesion protein-1 (VCAM-1) on cancer cells interacts with the β-1-integrin-positive 

macrophages, which results in the activation of Akt signalling and enable cancer cells to elude the 

TNF-related apoptosis-inducing ligand (TRAIL)-induced apoptosis (Q. Chen et al., 2011).  

The differentiation of monocytes into macrophages has also been implicated in the 

metastatic outgrowth of cancer cells in an in-direct manner. Macrophages were found to promote 

metastatic outgrowth by forming a more fibrotic microenvironment. In a genetically engineered 

mouse model of pancreatic ductal adenocarcinoma (PDAC), macrophages produced granulin in 

the liver, which in turn stimulated the conversion of resident hepatic stellate cells into 

myofibroblasts. Myofibroblasts then released periostin, which enhanced the fibrotic 

microenvironment and promoted integrin signalling activation, leading to dormant cancer cell 

activation (Nielsen et al., 2016).  

In a recent work, wounds developed in an immunogenic breast cancer model were used to 

illustrate the role of inflammation-associated myeloid cells in controlling dormancy. In this study, 

it was discovered that those breast cancer cells, which didn’t have the potential to metastasize, 

began to spread and proliferate in distant tissues following surgery. Additionally, surgical injury 

has triggered a systemic inflammatory response and in line with this, treatment with the non-

steroidal anti-inflammatory drug (NSAID), called meloxicam, had a suppressive effect on tumor 

growth. Increased production of inflammatory mediators, such as the main monocyte 

chemoattractant CCL2 and elevated levels of circulating myeloid cells (monocytes and 
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neutrophils) were indicating the inflammatory response. Accordingly, tumor growth has been 

partially decreased as a result of CCL2 down-regulation (Krall et al., 2018). 

Also, it is important to point out that both primary tumors and bone metastases from breast 

cancer patients were found to be enriched with macrophages showing an M2-like differentiation 

that were situated close to blood arteries. According to an in vivo study, these macrophages 

expressed vascular endothelial growth factor A (VEGFA). Following chemotherapy, malignancies 

lacking VEGFA+ macrophages recurred more slowly than tumors with VEGFA+ macrophages 

(Hughes et al., 2015). 

Another connection between dormancy and macrophages was found by demonstrating how 

chemokines like CCL2 and CCL5 that recruit monocytes are involved in dormancy escape. As 

previously indicated, the function of CCL2 in promoting monocyte recruitment and subsequent 

dormancy escape were studied in the context of wound healing (Krall et al., 2018). In a research 

setup where HER2 down-regulation has resulted in the development of residual tumors and 

subsequent tumor recurrence, CCL5-induced enhanced macrophage presence, that facilitated 

emergence from dormancy. This effect was driven by a rise in CCR5+ macrophages that deposit 

collagen and the overexpression of CCL5 in tumor cells has accelerated the rate of recurrence 

(Walens, DiMarco, et al., 2019). Additionally, this study has discovered an intriguing link between 

TNFα activity and dormancy via the nuclear factor-kappa B (NF-κB) pathway. It has been 

demonstrated that HER2 down-regulation triggered a pro-inflammatory program that includes 

TNFα, which led to the expression of several chemokines, through the activation of the IKK-NF-

κB pathway. CCL5 can be found between these chemokines, that was responsible for the increased 

presence of CCR5+ macrophages that promoted dormancy escape.  

Another work done by Borriello et al. in 2022 provided evidence about the importance of 

macrophages in the metastatic process. They confirmed the hypothesis, that the primary tumor 

microenvironment is able to prime the disseminating tumor cells for a dormant phenotype. They 

discovered that spontaneously disseminated tumor cells have increased speed of extravasation and 

better survival following extravasation compared to experimentally metastasized cancer cells. 

Furthermore, they also found that spontaneously metastasizing tumor cells display dormancy or 

stem-like markers more frequently. However, the depletion of macrophages at the primary tumor 

sites reduces the level of dormant disseminating tumor cells, suggesting a fundamental role of 

macrophages in priming DTCs for dormancy (Borriello et al., 2021).  
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The involvement of macrophages has been described in many mechanisms that influence 

the success rate of the metastatic process. However, whether direct interaction between 

macrophages and dormant cancer cells could lead to emergence from dormancy, has not yet been 

sufficiently demonstrated. 
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Figure 12. Cellular and acellular factors in dormancy escape 

Once arriving to the new metastatic loci, cancer cells often enter dormancy to evade the immune 

system. Dormant cells can be characterized with a high p38 and low ERK profile. Based on 

microenvironmental signals, dormant cancer cells can escape dormancy and resume their 

proliferative status. These microenvironmental cues include cellular factors, such as fibroblasts, 

T cells, pericytes, neutrophils and macrophages, but also acellular factors, like collagen, 

fibronectin, laminin, Tenascin-C, periostin, Wnt ligands. The importance of matrix modifications, 

like those generated by neutrophils, has been also identified as mediators of dormancy escape. 

The awakening can be also mediated by integrin or DDR activation and via Wnt signalling. 

Awakening cells are characterized with high ERK and low p38 profile.  

 

Adapter from: (Park & Nam, 2020) 
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The functions of macrophages in the metastatic cascade 

 

The importance of macrophage populations within the primary tumor to promote metastatic 

progression is supported by a vast amount of research. These tumor-associated macrophages 

(TAMs) influence the development of the tumors by a variety of mechanisms, including 

stimulation of angiogenesis, inhibition of tumor-specific immune responses and matrix 

remodelling (Condeelis & Pollard, 2006; Lamagna et al., 2006; Pollard, 2004; B.-Z. Qian & 

Pollard, 2010; Ruffell et al., 2012; Sica et al., 2006). Understanding how macrophages at the 

metastatic site contribute to the late stages of metastasis, such as secondary site arrest, 

extravasation, early colonization or dormancy escape, is a less explored but expanding area of 

research. According to recent research, these metastasis-associated macrophages (MAMs), which 

arise from both tissue-resident macrophages and bone marrow-derived macrophages (BMDMs), 

promote metastasis in the secondary site. The metastatic potential of disseminated cancer cells is 

decreased upon the depletion of macrophages at any stage of the metastatic process, indicating that 

interactions between MAMs and cancer cells have an impact on such important procedures as 

cancer cell adhesion to the vasculature, transmigration through the endothelium and colonization 

of secondary tumors (Headley et al., 2016a; B. Qian et al., 2009; B.-Z. Qian et al., 2011). 

 

Different macrophage phenotypes  

Understanding precisely how macrophages are recruited and activated during an immune 

response can shed light also on how these cells might affect the tumor microenvironment as well. 

Macrophages represent a heterogeneous population of immune cells which are commonly 

classified as tissue resident macrophages or bone marrow-derived macrophages. Tissue resident 

macrophages are differentiated from foetal liver or yolk sac progenitors to help the embryonic 

development. Later, these cells acquire auto-proliferation functions, specialize into a number of 

subtypes to conduct tissue-specific tasks such as waste and foreign object phagocytosis and 

immune response initiation (Davies et al., 2013). In contrast, bone marrow-derived macrophages 

are recruited to the different tissues as myeloid-derived cells, where they differentiate into 

macrophages and in response to local signals they polarize into different subtypes.  
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Macrophage colony-stimulating factor (M-CSF) and granulocyte macrophage colony-

stimulating factor (GM-CSF) are two crucial cytokines that control macrophage number and 

activity. Among these, M-CSF, also known as colony-stimulating factor 1 (CSF-1), is essential in 

the maintenance of multiple myeloid lineage populations, whereas alveolar macrophage 

maturation and the effector differentiation of invariant natural killer T cells (iNKT) depend on 

GM-CSF (Bezbradica et al., 2006; Hamilton, 2008; Shibata et al., 2001). In general, M-CSF 

polarizes macrophages toward an anti-inflammatory phenotype, whereas GM-CSF triggers a pro-

inflammatory phenotype. Moreover, M-CSF is frequently used in vitro to drive the activation of 

bone marrow-derived monocytes into macrophages. M-CSF acts through its receptor, called 

colony-stimulating factor 1 receptor (CSF-1R). M-CSF-activated macrophages show high 

phagocytic activity, as well as low antigen-presenting ability (Ushach & Zlotnik, 2016). 

Traditionally, macrophages can be categorized as either classically-activated (M1) or 

alternatively-activated (M2) macrophages. In general, it is believed that M1 polarization promotes 

pro-inflammatory, tissue-destructive actions, while M2 macrophages promote rather anti-

inflammatory and tissue-repair functions. Despite the fact that these definitions imply that M1 and 

M2 macrophages are separate entities with distinct roles, nowadays, this classification system is 

considered as an oversimplified view. Instead, distinct M1 and M2 phenotypes are distributed 

along a continuum which allows a seamless phenotypic transition between pro-inflammatory, anti-

inflammatory/recovery and homeostatic statuses (Biswas & Mantovani, 2010; F. O. Martinez & 

Gordon, 2015; Murray et al., 2014). However, the balance of polarization in many pathological 

conditions is tilted towards chronic inflammation (M1-like) or tissue repair (M2-like). as these 

Since M2-like macrophages facilitate immune escape, angiogenesis, local tissue remodelling and 

secrete pro-tumorigenic growth factors, in malignant tissues, cancer cells mainly promote the 

polarization of this macrophage subtype. However, depending on the type of the given tumor and 

its environment, a number of M1-associated cytokines, including tumor necrosis factor (TNF)- α 

and interleukin (IL)-6, may either be pro- or anti-tumorigenic (Bertazza & Mocellin, 2010; Sethi, 

2008). Numerous macrophage subpopulations may help in the development and spread of tumors. 

Even though bone marrow-derived macrophages are believed to make up the majority of tumor-

associated macrophages, sometimes it can be challenging to discriminate tumor associated 

macrophages from tissue resident macrophages (Ruffell et al., 2012). Interestingly, a recent mass 

cytometry-based analysis identified up to 17 different macrophage populations in a renal cell 



66 

 

 

carcinoma sample. This finding emphasises the need to further comprehend how the phenotypic 

variety of macrophages affects the development of cancer (Chevrier et al., 2017).  
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Macrophage functions in cancer cell invasion and intravasation  

One of the hallmarks of malignancy in primary tumors is invasion, which is fuelled by 

tumor- intrinsic and extrinsic factors that depend on the type of cancer and its microenvironment. 

During the first stages of invasion, cells within the primary tumor resolve their cell-cell junctions 

and migrate as single or multiple cells along the fibrillar matrix. These migratory activities are 

controlled by factors like chemokines, cytokines and growth factors that stimulate the 

reprogramming of cytoskeletal and adhesion proteins for migration (Friedl & Alexander, 2011). 

Cellular contributors to the induction of tumor-invasive factors include neutrophils, TAMs, and 

their progenitors. Importantly, these cell types are often controlled by the cancer cell via paracrine 

loops. The interaction between breast cancer cells and TAMs is one of the most well-described 

processes regulating the intravasation of cancer cells. It has been observed in a mice transgenic 

cancer model, that epidermal growth factor (EGF), a chemoattractant and migration-promoting 

factor for tumor cells, is expressed by TAMs in response to the expression of CSF-1, also known 

as M-CSF by breast cancer cells (Condeelis & Pollard, 2006; Wyckoff et al., 2004) (Figure 13). 

TAMs also release cathepsins that promote tumor cell invasion which is regulated by IL-4 released 

by CD4+ T cells (Akkari et al., 2014). Furthermore, breast cancer secreted neuregulin can induce 

notch signalling in TAMs, which triggers the release of jagged-1 (Jag-1) by macrophages, which 

also leads to an increase in tumor invasion (Cabrera et al., 2018). Additionally, macrophages 

secrete platelet-derived growth factor (PDGF), hepatocyte growth factor (HGF), basic fibroblast 

growth factor (bFGF) and WNTs which are soluble factors which might be implicated in tumor 

cell invasion and migration (Lewis & Pollard, 2006).  
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Figure 13. Macrophage-secreted EGF facilitates cancer cell migration toward blood vessels 

At the initial stage of metastasis, in response to tumor cell-secreted CSF-1, macrophages secrete 

EGF, which serves as a chemoattractant for carcinoma cells. Within this chemotaxis, EGF 

receptor (EGFR)-expressing cancer cells migrate along collagen fibers toward blood vessels and 

the site of intravasation. These interactions between cancer cells and macrophages affect the 

activity of actin regulators (such as Wiskott-Aldrich syndrome protein (WASP)) resulting in the 

development of invadopodia in tumor cells and podosomes in macrophages to facilitate tumor cell 

intravasation. 

Adapted from: (Condeelis & Pollard, 2006) 
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The majority of the pre-invasive forms of solid tumors are enclosed in a basement 

membrane matrix, that is composed of collagen IV, laminin and proteoglycans (Bissell & Hines, 

2011). This barrier can be destroyed if the tumor possesses high proteolytic activity, thus enabling 

the cancer cells to penetrate the nearby tissue (Wan et al., 2013). The main groups of proteases 

released by both tumor cells and stromal cells, such as TAMs or neutrophils are Matrix 

Metalloproteases (MMPs), serine proteases, cysteine cathepsins as well as A Disintegrin And 

Metalloproteinases (ADAMs) (Joyce & Pollard, 2009; Mason & Joyce, 2011). In TAMs, different 

cytokines control the release of these proteases. As an example, IL-4, IL-10 and IL-6 can activate 

STAT-6 and STAT-3, which in turn regulates cathepsin secretion. Therefore, the inhibition of 

these pathways could prevent the macrophage-mediated tumor invasion (Yan et al., 2016). 

The permeability of the blood vessels increases when pro-angiogenic factors, such as 

VEGF-A or TGF-β bind to the VEGF receptor 2 (VEGFR2), VE-cadherin-β-catenin complex in 

endothelial cells. Following these interactions, endothelial cells lose their adherens junctions and 

thus allow a greater trans-endothelial permeability (Reymond et al., 2013). Interestingly, when 

these factors are overexpressed, it results in immature angiogenic vessels with deficient basement 

membrane and pericyte coverage. Intravital imaging has demonstrated that VEGF-A-expressing 

TIE2+ macrophages generate localized areas of vascular leakiness. Importantly, it has been 

demonstrated that cancer cells can utilise those leaky regions for intravasation in mice breast 

cancer model (Harney et al., 2015). 
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Macrophages in epithelial to mesenchymal transition of cancer cells 

The process known as epithelial-mesenchymal transition (EMT) enables epithelial cancer cells to 

lose their cell-cell junctions and shift into a migratory and invasive phenotype (Lambert et al., 

2017). Growth factors including EGF, HGF, and FGF as well as inflammatory factors like TGF-

β, TNF-α, IL-1β and CCL18 have been shown to induce EMT in cancer cells (Figure 14). These 

stimuli promote the expression of transcription factors such as Zeb1 and 2, Snail, Slug, and Twist 

in tumor cells, which downregulate the gene expression of E-cadherin and Epithelial Cell 

Adhesion Molecule (EpCAM), thus ultimately leading to the loss of cell-cell junctions (Bonde et 

al., 2012; Friedl & Alexander, 2011; Lambert et al., 2017; Su et al., 2014; Suarez-Carmona et al., 

2017). Pastushenko and his colleagues used a breast cancer model that expresses yellow 

fluorescent protein as a reporter to analyse the EMT states of cancer cells. They observed that 

tumor cells with high degrees of EMT were found in CD68+ macrophage rich and well 

vascularized areas within the tumors. Following the inhibition of CSF1 and CCL2, both the rate 

of EMT and the number of circulating tumor cells (CTCs) decreased, indicating that TAMs are 

involved in the control of EMT in breast cancer (Pastushenko et al., 2018).  

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Schematic representation of macrophage-secreted CCL18-induced cancer cell EMT  

Su et al. demonstrated that cancer cell-derived GM-CSF dedifferentiates macrophages toward 

tumor-associated macrophage phenotype. In turn, these activated TAMs release CCL18, which 

trigger EMT in the breast cancer cells, thus facilitating the metastatic process.  

Adapted from: (Su et al., 2014) 
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Macrophages at the pre-metastatic site 

Prior to the dissemination of the cancer cells into the blood circulation, primary tumors can 

already prime the formation of a favourable location in a distant organ, known as pre-metastatic 

niche. Generally, monocytes, myeloid-derived suppressor cells (MDSCs) and neutrophils are 

recruited to these pre-metastatic niches, where they start the remodelling of the extracellular matrix 

(ECM) and foster an immunosuppressive environment that favours the survival and seeding of 

disseminating cancer cells. 

It has been demonstrated that the production of inflammatory mediators by the tumor cells 

from the primary tumor promotes the recruitment of myeloid cells to the pre-metastatic lung. For 

instance, TNF-α and TGF-β can stimulate the production of small calcium-binding proteins, like 

S100A8 and S100A9, which serve as chemo-attractants for myeloid cells (Hiratsuka et al., 2006). 

Myeloid cells were first implicated in pre-metastatic lung, where they were recruited as monocyte-

like VEGFR1+ CD11b+ BM-derived cells that adhere to fibronectin areas by very late antigen 4 

(VLA-4) (Kaplan et al., 2005). 

Primary tumor cells, such as many other cell types, are also known to release extracellular 

vesicles (EVs) into the bloodstream. These EVs are generally composed of proteins, lipids, DNA, 

mRNA and microRNAs. However, it has been shown that those EVs that are secreted by tumor 

cells, can facilitate the development of an immunosuppressive pre-metastatic niche (Wortzel et al., 

2019). It has been demonstrated that EVs generated by pancreatic ductal carcinoma contain 

macrophage migration inhibitory factor 1 (MIF-1), which is known to be involved in liver 

metastasis formation. Extracellular vesicle-derived MIF-1 was shown to stimulate Kupffer cells to 

secrete TGF-β and was involved in macrophage infiltration and subsequent fibronectin 

remodelling (Costa-Silva et al., 2015).  

Clinical research demonstrates that neoadjuvant chemotherapy recipients are more likely 

to develop metastases. An explanation for this phenomenon was offered by a recent study which 

showed that the administration of neoadjuvant chemotherapy in a breast cancer model increases 

EV production in comparison to untreated breast cancer. They found that this effect accelerated 

the rate of metastasis. Mechanistically, they showed that cancer cell-secreted EVs contain Annexin 

A6, which activate the NF-κB pathway in endothelial cells, which, in return, secrete CCL2. This 
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endothelial-derived CCL2 attracts Ly6C+CCR2+ monocytes to the lung and facilitates the 

metastatic seeding (Keklikoglou et al., 2019). 

 Cox et al. observed an increased lysyl oxidase (LOX) expression in primary, ER- breast 

cancer cells upon bone metastasis. They found that, LOX stimulates osteoclastogenesis and by 

cross-linking collagen 4 facilitates the adhesion of bone marrow-derived macrophages and the 

subsequent cancer cell extravasation into the bone (Cox et al., 2015). The secretion of TGF-β by 

the primary tumor cells has also been implicated in bone metastasis by triggering 

osteoclastogenesis and the release of MMP9, which also promote the formation of the pre-

metastatic niche (Luis-Ravelo et al., 2011). Additionally, LOX produced by hypoxic ER- 

mammary cancer cells localizes to areas of the lung that are rich in fibronectin, collagen IV cross-

links and supports BMDM recruitment (Erler et al., 2009). 

 

Macrophages in extravasation and early colonization of cancer cells 

Interactions between arriving cancer cells and macrophages at the metastatic sites 

accelerate the metastatic behaviour. Frequently, cancer cells are recruited to the metastatic site 

using the same mechanisms as macrophages employ to attract leukocytes during inflammation. 

These mechanisms include for example increasing adhesion and transmigration. Also, the same 

processes that macrophages use to promote tissue repair can be applied to assist secondary tumor 

formation. These include suppressing immune responses, fostering cellular proliferation, 

activating angiogenesis and remodeling the matrix. Furthermore, to maintain the pro-tumorigenic 

immunological milieu, these MAMs continuously recruit bone marrow-derived macrophages.  

There is strong evidence from numerous studies that the development of a metastatic lesion 

depends on the presence of metastasis-associated macrophages during the metastatic extravasation 

process (Headley et al., 2016b; Kitamura et al., 2015; B. Qian et al., 2009). Following macrophage 

depletion with L-clodronate, Qian et al. injected mice with breast cancer cells into the tail veins. 

They discovered that the number of cancer cells in the lung of macrophage-depleted mice was 

significantly lower 36 hours after injection, indicating that macrophages help the extravasation of 

disseminated tumor cells into the lung. Additionally, the tumor growth rate in the animals with 

macrophages was twice as fast as in mice without macrophages, emphasising the significance of 
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macrophages in maintaining a pro-tumoral microenvironment. Furthermore, CD11b+ BMDMs 

were interacting directly with extravascular cancer cells, demonstrating that the adhesion of tumor 

cells to macrophages might also helps to transmigrate the endothelium (B. Qian et al., 2009).  

Direct evidence links CCR2 expression by macrophages to the development of the 

metastatic disease (Kitamura et al., 2015). The activation of CCL2/CCR2 stimulates macrophages 

to produce CCL3, which, in a CCR1-dependent manner, assists to the retention of macrophages at 

the metastatic site. In addition, the CCL3/CCR1 axis was shown to be crucial for the direct 

interaction between macrophages and cancer cells via an α4-integrin mediated processes 

(Kitamura et al., 2015; B. Qian et al., 2009). 

Macrophage-expressed α4-integrin is known to bind to VCAM-1, which is generally 

present on leukocytes and endothelial cells, however it also can be overexpressed by tumor cells 

(Holzmann et al., 1998; Osborn et al., 1989). According to Chen et al., upon mammary fat pad 

injection, VCAM-1-silenced MDA231-LM2-4175 cancer cells proliferated at the site of injection 

but generated significantly less metastasis in the lung compared to the non-silenced cells, due to 

their lower binding affinity to macrophages. Although VCAM-1-silencing did not affect the 

accumulation of tumor cells within the lung following tail vein injection, significantly reduced 

metastatic outgrowth was observed compared to non-silenced counterparts. Thus, the macrophage-

cancer cell interaction via VCAM-1 and α4-integrin does not necessary for the colonization of the 

lung by the metastatic cells but regulates the expansion of the metastatic lesions. The molecular 

background of this phenomenon was also revealed. It has been demonstrated that the interaction 

between the macrophage α4-integrin and the VCAM-1 activates the PI3K-AKT pathway in cancer 

cells which leads to increased migration, survival and reduced apoptosis of the cancer cells and 

thus promote secondary cancer formation (Q. Chen et al., 2011; Vara et al., 2004).  

Other macrophage-derived factors, such as VEGF and endothelin-1 (ET-1) have also been 

demonstrated to enhance the metastatic colonization. It has been shown in mammary tumor models 

that macrophage-derived VEGF helps the retention of MET-1 mammary tumor cells in the lung. 

Additionally, in vitro studies demonstrated that VEGF drives the migration of MET-1 cells across 

the endothelium by increasing the endothelial permeability (B.-Z. Qian et al., 2011). In addition to 

endothelial cells, VEGF may also act on VEGFR1-expressing macrophages to trigger the secretion 

of MMP9 and C-X-C Motif Chemokine Ligand 12 (CXCL-12) (Hiratsuka et al., 2002). MMP9 

drives the development of tumors by increasing the permeability of the vessels, degrading the 
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extracellular matrix, cleaving several growth factors that subsequently promote tumor growth and 

also by promoting angiogenesis to fuel the high nutrient requirements of proliferating cancer cells 

(Lamagna et al., 2006). Additionally, the cycle of bone marrow-derived macrophage recruitment 

is also supported by macrophage VEGF-VEGFR1 signalling, by establishing gradients of the 

CXCL12 chemokine, a potent chemoattractant for monocytes and CXCR4+ cancer cells (Cardones 

et al., 2003; Kaplan et al., 2005; B.-Z. Qian et al., 2011).  

The previously mentioned ET-1 is a soluble vasoconstrictor, that has been also implicated 

in the promotion of the metastatic colonization. Tail-vein injection of muscle-invasive bladder 

cancer cells that has been knocked down for the vasoconstrictor ET-1 results in a decreased 

recruitment of bone marrow-derived macrophages and less expanded metastatic burden, compared 

to the wild type cells. Furthermore, inhibiting the ET-1 receptor on macrophages limits the release 

of downstream pro-tumoral cytokines, like CCL2, MMPs and IL-6 and thus reducing macrophage 

recruitment, angiogenesis and secondary tumor formation (Said et al., 2011; Titus et al., 2005).  

In addition to influencing extravasation through direct contacts with cancer cells, 

macrophages recruited to secondary sites can also interact with other stromal cells in the pre-

metastatic microenvironment to facilitate metastasis. As mentioned in earlier sections, interactions 

between macrophages and endothelial cells can increase the ability of cancer cells to metastasize 

by enhancing endothelial affinity and permeability, which promotes circulating tumor cell 

adherence and transmigration into new the metastatic loci (Akkari et al., 2014; Hiratsuka et al., 

2002; B.-Z. Qian et al., 2011; Wyckoff et al., 2004). Additionally, it is well described that TAMs 

can also be polarized by CAFs in order to conduct pro-tumorigenic actions at the primary site 

(Chiarugi, 2013). The collaboration of CAFs and metastasis-associated macrophages has also been 

emphasised at the secondary site. It has been described in both liver and lung metastasis that the 

primary tumor stimulated the release of fibronectin by fibroblasts, which attracts BMDMs to the 

secondary location (Erler et al., 2009). Also, as mentioned previously, macrophages recruited to 

the liver promote the metastasis formation of pancreatic ductal adenocarcinoma by secreting 

granulin, thus activating hepatic stellate cells into myofibroblasts. These myofibroblasts 

subsequently promote the progression of metastatic tumors via the secretion of periostin, which 

stimulates the Wnt and αVβ3-Akt/PKB signalling pathways in PDAC cells. Granulin depletion 

hindered the formation of the MAM-dependent fibrotic environment and the following expansion 
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of PDAC metastatic cells, while inhibition of periostin secretion by CAFs substantially reduced 

the metastatic outgrowth of PDAC cells (Nielsen et al., 2016).  

Even though these studies emphasise the significance of metastasis-associated 

macrophages in mechanisms supporting tumor cell extravasation and expansion at the metastatic 

site, given the variety of macrophage functions at the primary sites, there might be additional 

MAM-related contributory factors to metastasis. Additional studies are needed to evaluate the 

implications of macrophages at the metastatic site, as well as their role in determining the cell fate 

of the disseminated tumor cells.  
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Interactions between macrophages and the extracellular matrix 

Mechanisms of ECM remodelling 

The cellular phenotypes and their molecular determinants are not only dependent on cell-

cell interactions, but also on the bidirectional communication between the cells and the 

extracellular matrix (Winkler et al., 2020). About 300 different matrix macromolecules has been 

described within the core matrisome. These macromolecules can be categorized as collagens, 

glycoproteins (such as laminin, fibronectin, tenascin, elastin) and proteoglycans (like heparan 

sulphate proteoglycans or hyaluronan) (Naba et al., 2016). Furthermore, a variety of remodelling 

enzymes, including oxidases and proteases have the ability to modify these ECM components post-

translationally. Additionally, the ECM also binds different soluble factors, including growth 

factors and several other ECM-associated proteins. Notably, these ECM-bound components and 

factors can interact with cell surface receptors, thus mediate a number of different cellular 

processes (Hastings et al., 2019; Humphrey et al., 2014; Winkler et al., 2020).  

There are two main types of ECM, one is the interstitial matrix, which interconnects cells 

within the stroma and to the second type of ECM, which is referred to as basement membrane. 

The interstitial matrix not only controls processes like cell migration and differentiation but also 

ensures the structural integrity of tissues and organs. The interstitial matrix is mostly composed of 

fibronectin, elastin, and collagens I, III and V. The composition differs between tissue types and 

even microenvironments within the same tissue. Furthermore, it also can change in response to 

mechanical stress or damage, for example during wound healing or tissue regeneration. 

Remodelling of the interstitial ECM in cancer results in a wide spectrum of biophysical and 

biochemical alterations that have an impact on ECM stiffness, cell signalling, cell migration and 

cancer development (Egeblad et al., 2010). The basement membrane, in contrast, is a more 

substantial, thick layer that covers the basal surface of several cell types, including epithelial and 

endothelial cells, encloses muscle cells, surrounds adipocytes and divides tissues into various, 

orderly compartments. The major components of the basement membrane are collagen IV and 

laminins, which are linked by a variety of network-bridging proteins as nidogen and heparan 

sulphate proteoglycans (HSPGs) (Pozzi et al., 2017). For the establishment of epithelial cell 

polarity, as well as for many developmental events and the maintenance of tissue homoeostasis, 

cell binding to the basement membrane is crucial. Also, cancer cells must remodel the basement 



77 

 

 

membrane in order to invade the stromal tissue and develop into a malignant tumor (Jayadev & 

Sherwood, 2017; Winkler et al., 2020).  

 We differentiate 4 different ECM remodelling mechanisms: (1) Deposition of ECM, which 

affects the biochemical and mechanical characteristics of the ECM through altering the abundance 

and composition of ECM components; (2) Chemical modification, that impacts the biochemical 

and structural features of the ECM at post-translational level; (3) Proteolytic degradation which 

liberates bioactive ECM fragments and ECM-bound components; (4) Force-mediated ECM 

remodelling, which changes the organization of the extracellular matrix by aligning ECM fibers 

and creating channels for cell migration (Figure 15).  
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Figure 15: The different mechanisms of ECM remodelling 

a. ECM deposition and post-translational modification: Synthesized pre-procollagen is 

transferred to the Golgi where it is converted into a procollagen α-chain. Then, it 

undergoes various post-translational modifications (PTMs). These PTMs include the 

hydroxylation of lysine residues via procollagen-lysine 2-oxoglutarate 5-dioxygenase 

(PLOD), which enables the triple helix formation and thus the secretion into the 

extracellular space. Here, proteases cleave the C- and N-terminal of the pro-peptides to 

form collagen fibrils. These collagen fibrils can be cross-linked by lysyl oxidases (LOX).  

 

b. ECM degradation: Proteases, such as MMPs, cathepsins and serine proteases degrade 

the extracellular matrix and thus releasing matrix-bound growth factors (GFs), cytokines 

and ECM fragments, such as matrikines, but also removing the barriers of cell migration. 

 

c. Force-mediated ECM modification: Integrin binding to the ECM exerts forces on the 

ECM molecules, which may alter the conformation of the ECM molecule and expose 

binding sites, that could facilitate fibril production and fiber alignment.  

 

Adapted from (Winkler et al., 2020) 
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ECM-mediated macrophage infiltration in the tumor  

Generally, immune infiltration determined by immune cell density in malignancies serves 

as a prognostic factor (Galon et al., 2012). The TAM infiltration varies in density across different 

cancer types, but TAMs are especially prevalent in breast tumors, where they constitute as much 

as 50% of the cancerous mass (Pollard, 2008). Correlational results imply a relationship between 

the nature of the tumor-specific ECM and the infiltration of TAMs. In a cohort of 278 women with 

breast cancer, increased hyaluronan deposition, an ECM glycosaminoglycan, was associated with 

higher macrophage numbers and a poor prognosis regardless of the tumor subtype (Tiainen et al., 

2015). Furthermore, in 20 breast cancer patients, the quantity of macrophages at the invasive front 

was positively correlated with ECM stiffness and activation of TGF-β signalling, both of which 

are typically linked to fibrosis (Acerbi et al., 2015). 

In mouse breast tumorigenesis models, such associations have also been observed. For 

example, in a spontaneous mammary carcinogenesis model, higher presence of TAMs within the 

tumor was associated with increased collagen deposition (Esbona et al., 2016). Similar to this, 

constitutive synthesis of CCL2 in the mammary epithelium, which promotes macrophage 

infiltration, was linked to elevated stromal deposition of collagen, which may increase the risk of 

tumor development (Sun et al., 2017). Additionally, CCL2 overexpressing stromal cells in the 

mammary glands increased the infiltration of macrophages within the breast and subsequently lead 

to elevated collagen deposition. However, when CD11b-expressing cells were depleted, both of 

these effects were abolished (Kuziel et al., 2020). These findings imply that tumors can alter the 

CCL2/CCR2 pathway to promote the influx of collagen producing macrophages. 

Using an orthotopic breast cancer model, where the grafted cancer cells were modified to 

express either high or low levels of Tenascin-C, Deligne et al. found that the accumulation of 

macrophages within the Tenascin-C high tumors were significantly higher compared to Tenascin-

C low tumors. Additionally, they observed, that the macrophage infiltration followed exclusively 

those “tracks”, that were generated by the deposition of Tenascin-C. Moreover, treating mice with 

anti-Tenascin-C antibodies lead to the accumulation of macrophages only at the edge of the tumor, 

while in non-treated mice the majority of tumor infiltrating macrophages invaded the entire tumor 

(Deligne et al., 2020)(Figure 16). These findings demonstrate the ability of ECM molecules to 

stimulate TAM infiltration during carcinogenesis and indicate that the tumor-specific matrix can 
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regulate the spatial emplacement of TAMs once they entered the TME (Deligne & Midwood, 

2021).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: Tenascin-C-dependent macrophage accumulation within the TME 

Blocking the FBG domain of Tenascin-C decreases the rate of macrophage accumulation within 

the TME and confines their presence to the tumor edge. Mammary tumors were treated with anti-

FBG antibody (lower panels) or its isotype control (upper panels) and were collected 21 days 

following engraftment and stained (CD206-light blue, F4/80-red, anti-Tenascin-C-green).  

 

Adapted from: (Deligne & Midwood, 2021) 
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Macrophages as shapers of the extracellular matrix 

 The tumor-associated matrix has the ability to induce the infiltration of macrophages into the 

tumor microenvironment and evidence suggest that it can even alter the phenotype of the arriving 

macrophages (Deligne & Midwood, 2021). However, not only the matrix can affect the 

macrophages, but also macrophages are capable to directly alter the organization and the 

composition of the extracellular matrix. Interestingly, Gallerand and his collaborators 

demonstrated, that monocytes and macrophages are essential for the expansion of the brown 

adipose tissue and showed that monocyte depletion led to altered tissue architecture, thus 

highlighting the importance of monocyte recruitment in tissue remodelling (Gallerand et al., 2021).  

 

Matrix metalloproteases 

 

 Macrophages secrete multiple types of matrix metalloproteases (MMPs). MMPs are enzymes 

that are capable of degrading the ECM proteins and thus are essential for promoting cell migration 

(Paolillo & Schinelli, 2019). In addition to promoting migration, in breast cancer, MMP-2, 9, 13 

and 14, were shown to be associated to a wide range of other cancer-related processes, such as 

neo-angiogenesis and metastasis (Jena & Janjanam, 2018). 

 In CSF-KO mice – where macrophage differentiation is impaired – both the number of 

mammary gland resident macrophages and the circulating macrophages were significantly 

decreased. Although the level of collagen within the mammary tissue did not change, collagen 

fibrillogenesis into long fibers was impaired in CSF-KO mice (Ingman et al., 2006). Furthermore, 

in an orthotopic breast cancer model, in the absence of TAMs, the microstructure of the fibrillar 

collagen within the tumor was also altered and these alterations were associated to a decrease in 

the number of lung metastases (Burke et al., 2013). This phenomenon could be explained by the 

fact, that macrophage-derived MMPs contribute to the degradation of the ECM.  

 In a CCL4-induced murine liver fibrosis model, treatment with anti-lysyl oxidase like 2 

(LOXL2) was shown to improve the resolution of fibrosis via facilitating the accumulation of 

MMP-14 secreting monocyte-derived macrophages. Both the increased accumulation of 

macrophages and the elevated collagenolytic activity were reversed by the inducible and selective 

suppression of infiltrating macrophages (Klepfish et al., 2020). 
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Lysyl oxidases  

   

 Lysyl oxidases and Lysyl oxidase like 1-4 (LOXL1-4) are amine oxidases and are known to 

initiate the formation of covalent crosslinks between the collagen fibers of the extracellular matrix 

via oxidizing the lysine residues, thus stiffening the extracellular matrix (Rucker et al., 1998). 

Importantly, it has been shown that the development of metastases and cell migration are promoted 

by this action. Therefore, inhibition of these enzymes—specifically LOXL2—has been proposed 

as a therapeutic approach to prevent the spread of breast cancer (Ramos et al., 2022). 

 There is evidence showing that macrophages can modify extracellular matrix via LOX 

enzymes. Huang and collaborators found that LOX expression was significantly upregulated in the 

adipose tissue of obese mice (high fat diet receiving or ob/ob), compared to lean mice. Moreover, 

they observed higher LOX protein level, enzymatic activity and increased matrix stiffness in this 

tissue. Interestingly, histological analysis revealed that the LOX signal was predominantly co-

localised with F4/80 macrophage signals. Furthermore, the LOX mRNA level, protein level and 

enzymatic activity was all found to be significantly elevated in macrophages isolated from obese 

mice compared to macrophages isolated from lean mice. Also, these obesity-associated 

macrophages showed capability to remodel and stiffen a type I collagen gel in vitro (Huang et al., 

2021).   

 Additionally, macrophages can also trigger LOX-mediated matrix modifications via in-direct 

mechanisms. It was shown in a PDAC model, that macrophage-secreted oncostatin M (OSM) can 

act as an inducer of LOXL2 expression in cancer cells, which then promoted both primary and 

metastatic cancer expansion and lead to decreased overall survival (Alonso-Nocelo et al., 2022).   

 

Serine proteases 

 

 Macrophages also secrete a variety of serine proteases, such as thrombin, plasminogen 

activators (PA), plasmin, trypsin and neuropsin. Among these, the urokinase plasminogen activator 

(uPA) was found to be implicated in the degradation of collagen IV, laminin, fibronectin and fibrin. 

uPa is secreted in an inactive form, called pro-uPA and various proteases, like cathepsin B and L, 

trypsin and kallikrein can transform it into active uPA by limited proteolysis. Once uPA is 

activated, it can bind to its receptor, referred as urokinase plasminogen activator receptor (uPAR), 
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which is a glycosyl-phosphatidylinositol (GPI)-anchored cell membrane receptor. The majority of 

the solid tumors, including breast, prostate, head and neck and brain cancer express high levels 

uPAR. The uPA-uPAR interaction results in the conversion of plasminogen into plasmin, which 

in turn get released from the cell surface to degrade the extracellular matrix both directly and via 

the activation of other proteases, like pro-MMPs. uPA is mainly expressed by tumor-associated 

macrophages and fibroblasts. The role of uPA has been described in several cancer-related 

mechanisms. As an example, the interaction between uPAR and distinct ECM elements can control 

cell adhesion, as well as the migration of cancer cells (Mahmood et al., 2018). Moreover, uPa 

promotes cancer cell proliferation by the proteolytic activation of growth factors, such as EGF, 

fibroblast growth factor-2 (FGF-2) or hepatocyte growth factor (HGF) (Naldini et al., 1995; 

TANIGUCHI et al., 1998). Furthermore, as it was described previously, the uPA-uPAR system 

has also been implicated in dormancy escape via a ligand-independent activation of the EGFR and 

subsequent ERK activation (Aguirre-Ghiso et al., 2001).  

  

Cathepsins 

 

 As a part of the interstitial collagen turnover in physiologic conditions, collagen is fragmented 

by pericellular collagenases, endocytosed via collagen receptors, then transported to the 

lysosomes, where cathepsins further degrade it. Malignant tumors are generally defined by high 

extracellular matrix turnover rates. Madsen et al. demonstrated that tumor-associated macrophages 

are the main cell type involved in the endolytic collagen degradation within the tumor. They found 

that CCR2+ monocyte-derived TAMs degrade collagen through cellular uptake in a mannose 

receptor-dependent manner, followed by lysosomal degradation via cathepsins. Accordingly, they 

showed that mannose receptor-deficient mice exhibit elevated levels of intratumoral collagen 

(Madsen et al., 2017). 

 These findings indicate that macrophages are involved in the matrix organization and re-

organization, while additional research suggests that macrophages may also contribute to the de 

novo synthesis of the tumor-specific ECM. 
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Secretion of matrix components 

 

 Extracellular matrix elements can be directly secreted by macrophages. This was confirmed 

by an RNA expression analysis of primary human cells, which revealed that the majority of 

activated myeloid cells are capable of secreting Tenascin-C (Giblin et al., 2020). Similar to this, it 

was shown, that TLR4-dependent stimulation of macrophages enables them to synthesize distinct 

forms of collagen (Piccinini et al., 2016). In another mammary tumor engraftment, CCL5 secretion 

by dormant tumor cells lead to the accumulation of CCR5+ macrophages within the tumor 

microenvironment. These infiltrated macrophages were shown to facilitate the emergence of 

cancer cells from dormancy via increased collagen deposition (Walens, Dimarco, et al., 2019). 

Although little is known about the importance of macrophages in the synthesis of matrix elements 

within the breast, some information are available from other tumor types. As an example, using an 

orthotopic colorectal cancer model, Afik et al. observed that the composition of the extracellular 

matrix in tumors with high or low levels of TAM differs significantly. They also demonstrated that 

monocytes upregulate programs related to matrix remodelling upon differentiation into TAMs. 

These include genes associated with the synthesis and assembly of collagen types I, VI and XIV. 

Moreover, they show by imaging that TAMs also regulate the deposition, cross-linking and 

linearization of the collagen fibers within the tumor (Afik et al., 2016). 
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Objectives 
 

Worldwide, breast cancer is the most frequently diagnosed malignant tumor in women. In 

addition, breast cancer not only leads the list of incidences but also represents 15% of all cancer-

related deaths in women (Bray et al., 2018). Metastasis is the main cause of breast cancer-related 

mortality and the biggest challenge facing clinical oncologists is their inability to prevent and cure 

recurrent cancer.  

The term "disseminated cancer cells" (DTCs) refers to tumor cells that have physically 

separated from the primary tumor and spread to a distant location. These DTCs may remain in a 

dormant, non-proliferative state, thereby escaping the various therapeutic approaches. However, 

for reasons that are not fully understood, dormant cancer cells can resume their proliferation, thus 

leading to the formation of metastatic outgrowth and recurrence (Klein, 2011). Therefore, it is 

crucial to better comprehend those mechanisms which regulate dormancy escape.  

Evidence suggests that chronic inflammation is associated with an increased risk for breast 

cancer recurrence (Bowers et al., 2014; Hughes et al., 2015). Macrophages represent the major cell 

type that regulates the initiation, maintenance, and resolution of inflammation (Nagatoshi et al., 

2005) and their participation has been already described in numerous mechanisms that influence 

the success rate of the metastatic process. However, their involvement in the regulation of the 

dormancy state of cancer cells is still poorly understood.  

 

Thus, the main objectives of my thesis were to: 

1. Investigate whether direct interactions between M-CSF-activated primary macrophages 

and dormant cancer cells could lead to the awakening of dormant cancer cells 

2. Identify the macrophage-derived mechanisms which mediate dormancy escape 

3. Uncover which molecular pathways are activated in the dormant cancer cells upon 

macrophage-induced awakening. 
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Summary of the results 
 
Despite the significant efforts focused on the understanding of the mechanisms that regulate 

dormancy, our knowledge on cancer dormancy regulation is still very limited. Therefore, during 

my doctoral studies I aimed to investigate the direct interactions of dormant cancer cells with one 

of the main cellular component of the stroma, macrophages.  

 In order to study these interactions between dormant cancer cells and macrophages, we 

used the D2.OR cell line, which was generated from spontaneous malignant tumors of Balb/C 

mouse mammary gland. These cancer cells show dormant phenotype when maintained on 

basement membrane matrices (Matrigel) in low serum containing media (Barkan et al. J. Vis. Exp. 

2011). The dormant phenotype of D2.OR can be characterized as circular, solitary cells that do not 

proliferate (Ki67-). However, alterations in the microenvironment might trigger the awakening of 

these dormant cells and induce their proliferation.  

Using this model, we established an in vitro co-culture system of bone marrow-derived, 

M-CSF-activated macrophages and dormant cancer cells to investigate whether macrophages 

themselves could support in the awakening of dormant cancer cells. Interestingly, we found that 

in such co-cultures, M-CSF-activated primary macrophages induced the awakening of dormant 

D2.OR cells as these cells formed macroscopic outgrowths and expressed the proliferation marker 

Ki67. However, in co-cultures with non-activated bone marrow-derived cells, neither cancer 

expansion nor proliferation was detected, demonstrating that non-differentiated bone marrow-

derived cells cannot induce awakening. Thus, we demonstrated for the first time that dormancy 

escape can be initiated by functional interactions between macrophages and dormant cancer 

cells. 

Then, we aimed to identify the macrophage-derived mechanisms which mediate dormancy 

escape. We tested whether macrophages trigger cancer cell awakening via direct cell-cell 

interactions or by secreted molecules. We found that treatment with conditioned media, collected 

from M-CSF-activated macrophages is sufficient to induce dormancy escape, indicating that 

soluble factors mediate this process.  

Our next aim was to identify which macrophage-secreted molecules are involved in the 

macrophage-mediated cancer cell awakening. In order to compare the secretome of macrophages 

and bone marrow-derived cells we probed a proteome profiler screen with conditioned media from 
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both cell types. We discovered that eight molecules were upregulated upon M-CSF-activation of 

bone marrow-derived cells. We sought to confirm, whether among the identified molecules we 

could determine those that trigger the macrophage-mediated cancer cell awakening. For this, we 

used recombinant proteins, blocking antibodies and inhibitor treatments. We found that blocking 

MMP9 activity with an inhibitor treatment significantly decreased the awakening potency of the 

macrophage conditioned media, indicating that macrophage-derived MMP9 is involved in the 

macrophage-mediated cancer cell awakening. However, recombinant pro- or active MMP9 

treatments were insufficient to restore the growth of dormant cancer cells, suggesting that MMP9 

works in concert with other factors to enable dormancy escape.  

MMP9 is associated with increased matrix remodelling, therefore we hypothesised that 

macrophages might mediate cancer cell awakening by matrix modifications. To test this 

hypothesis, we generated conditioned media-primed matrices. We found that these primed 

matrices could trigger the awakening of dormant cancer cells, suggesting that macrophages 

mediate dormancy escape via matrix modifications. Therefore, we performed a mini screen to 

identify which macrophage-mediated matrix modifications are involved in this process. We found 

that inhibition of lysyl oxidase activity within the macrophage conditioned media with a specific 

inhibitor (BAPN) decreased the awakening of D2.OR cells. Additionally, dual inhibition of MMP9 

and LOX activity hampered D2.OR awakening, indicating that MMP9 and ECM stiffening by 

LOX might cooperate to promote the macrophage-induced awakening of breast cancer cells. 

We also aimed to uncover the molecular pathways in the dormant cancer cells which are 

activated upon macrophage-mediated awakening. Our results suggest that macrophage-derived 

matrix modifications activate an integrin-1/FAK/Src axis that triggers Her2 receptor 

tyrosine kinase activation in a ligand-independent manner. This leads to the activation of 

ERK/MAP Kinases, which facilitate the switch from a dormant to a proliferative state. 

In conclusion, we identified macrophages as a new cell type that is able to trigger the 

dormancy escape of cancer cells. We demonstrated that macrophage derived MMP9 and LOX 

activities are involved in the formation of an extracellular matrix that enables the growth of 

dormant cancer cells. Furthermore, we showed that D2.OR cells sense these matrix modifications 

via integrin-1, which triggers a ligand-independent Her2 activation and result in the awakening 

of dormant cancer cells through ERK activation.  
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Abstract 

Breast cancer relapse and metastatic recurrence are frequent and are responsible for the death of 

patients. Tumor recurrence at metastatic or primary lesion sites arise from disseminated dormant 

cells, that can stay quiescent for years, and are unsensitive to therapies. It is therefore essential to 

determine how dormant cancer cells awake to identify new therapeutic perspectives and therefore, 

prevent recurrence. While inflammation has been widely linked to tumor initiation and metastatic 

development, yet the role of macrophages in dormant breast cancer cell awakening remains poorly 

understood. Three-dimensional (3D) co-culture of dormant breast cancer cells and primary 

macrophages identified that macrophages prime the extracellular matrix (ECM) to promote the 

awakening of the dormant cancer cells. We demonstrate that macrophages secrete both MMP9 and 

LOX to induce ECM remodelling and subsequent awakening of quiescent tumor cells through 

active proliferation. Mechanistically, we identify Her2 activation in the dormant cancer cells as 

the key factor of the macrophage-dependent awakening. Collectively, our findings link 

inflammation and awakening of metastatic dormant cells and thereby highlight a new cellular and 

molecular crosstalk between macrophages and breast cancer cells that may initiate breast cancer 

metastatic relapse.  
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Introduction 

Tumor recurrence is a common phenomenon in solid cancer patients, especially in breast and 

prostate tumors (Retsky & Demicheli, 2014; Weckermann et al., 2001). Tumoral relapse could 

occur decades after initial remission, either at the initial primary lesion or at metastatic sites, and 

these latest are responsible for the vast majority of patient death. In breast cancer, metastatic 

dissemination is an early event and might occur even before the primary tumor is detectable 

(Harper et al., 2016). At molecular level, this early dissemination is driven by a Her2+ signalling 

that triggers local invasion of early disseminated cancer cells and secondary target organ lodging 

(Harper et al., 2016). These long-term surviving early disseminated metastatic cancer cells 

maintained in a state of dormancy are unsensitive to adjuvant therapy. So far, little is known about 

the biological processes that favour the survival of a presumably small fraction of disseminated 

tumor cells that have been quiescent for a considerable amount of time. Similarly, it is uncertain 

which crucial factors control latent tumor cells to enter a proliferative state that results in clinical 

recurrence. Understanding the molecular mechanisms of metastatic cellular dormancy escape is 

an important step toward the development of anti-relapse therapies. 

Increased extracellular matrix (ECM) remodelling and stiffening are key features of solid tumors 

(Larsen et al., 2006; Pickup et al., 2014). Matrix metalloproteases (MMP) are drivers of ECM 

deconstruction and tumoral expansion leading to metastasis development  (Kessenbrock et al., 

2010; Liotta et al., 1980; Niland et al., 2021). Among many, MMP9 is a well characterized 

proteolytic enzyme that degrades collagen IV, which favours the dissemination and metastatic 

outgrowth of tumor cells, therefore its increased expression correlates with a poor clinical outcome 

in patients with breast cancer (Liotta et al., 1980; Ren et al., 2015). Moreover, ECM collagens are 

crosslinked by the LOX family enzymes, triggering an increase in ECM stiffness which ultimately 
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results in elevated cancer cell proliferation, therapeutic resistance and metastatic dissemination 

(C.-H. Lin et al., 2015; Samuel et al., 2011). Cancer cells can sense the ECM stiffening, notably 

through ECM transmembrane receptors, called integrins (Levental et al., 2009). ECM interactions 

with early disseminating cancer cells are crucial environmental factors that control both dormancy 

entry and exit at the metastatic sites (Aguirre Ghiso et al., 1999). At a molecular level, the ratio of 

ERK and p38 MAPK activities, controlled by integrin-mediated intracellular signalling activity, 

promotes the ECM-dependent molecular switch of dormancy escape (D. Liu et al., 2002). 

Moreover, increased fibrosis and LOX-dependent collagen crosslinking is involved in creating a 

growth permissive fibrotic microenvironment that favours metastatic growth (Cox et al., 2013). 

Crosstalk between myeloid cells and cancer cells triggers tumoral expansion and metastatic 

development. Secretion of proteases, cytokines, chemokines and growth factors by inflammatory 

monocytes with Ly6C expression promotes extravasation of cancer cells in the lung (Doak et al., 

2018; Qian et al., 2011) and prolongs their survival in the metastatic niche (Chen et al., 2011). The 

differentiation of monocytes into macrophages has been also implied in the metastatic outgrowth 

of cancer cells in an indirect manner. Macrophages promote metastatic outgrowth by forming a 

more fibrotic microenvironment through myofibroblasts. This fibrotic environment promotes 

integrin signalling activation, leading to dormant cancer cell activation (Nielsen et al., 2016). 

Macrophages can be categorized as either classically-activated (M1) or alternatively-activated 

(M2) macrophages. In general, it is believed that M1 polarisation promotes pro-inflammatory, 

tissue-destructive actions, while M2 macrophages promote rather anti-inflammatory and tissue-

repair functions. Despite the fact that these definitions imply that M1 and M2 macrophages are 

separate entities with distinct roles, nowadays, this classification system is considered as an 

oversimplified view. Instead, distinct M1 and M2 phenotypes are distributed along a continuum 
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which allows a seamless phenotypic transition between pro-inflammatory, anti-inflammatory and 

homeostatic statuses (Biswas & Mantovani, 2010; Martinez & Gordon, 2015; Murray et al., 2014). 

The involvement of macrophages has been described in many mechanisms that influence the 

success rate of the metastatic process. However, whether direct interactions between macrophages 

and dormant cancer cells could lead to dormancy escape, has not yet been demonstrated.  

Consequently, in this study, we investigated the role of M-CSF polarised macrophages in the 

awakening of D2.OR cancer cells. Using a 3D Matrigel model of cancer dormancy, we established 

that macrophages trigger D2.OR dormant cell awakening and proliferative state entry. We found 

that secretion of MMP9, together with a LOX-dependent ECM remodelling, primed the ECM to 

induce awakening. At a mechanistic level, we identified EGFR signalling pathway to be crucial 

for D2.OR dormancy escape. Interestingly, we found that integrin -1 and Src/FAK activation was 

responsible for a Her2-mediated MEK/ERK awakening, in a ligand independent manner. 

Altogether, this work established that macrophages promote ECM remodelling that induces a 

permissive microenvironmental niche that favours the emergence of metastatic recurrence.  
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Results 

M-CSF-activated macrophages trigger the awakening of dormant D2.OR cells. 

To investigate the role of M-CSF-polarised macrophages (M0) in the awakening of dormant breast 

cancer cells, we exploited the D2.OR murine breast tumoral cell model of dormancy (Barkan & 

Green, 2011). We used a 3-dimensional (3D) basement membrane matrix (Matrigel) culture 

system, where D2.OR cells enter in a low-cycling dormant state and developed co-culture assays 

with bone marrow-derived cells (BMD) or with M-CSF-activated macrophages (M0) (Fig. 1A). 

Luciferase-expressing D2.OR cells stayed as single cells with round-shape morphology, 

reminiscent of dormancy, when cultured on a 3D Matrigel (Fig. 1B and 1C). The dormancy status 

of the cells is demonstrated by a low basal luciferase activity (Fig. 1D) and an absence of Ki67 

expression, as shown by immunofluorescence (Fig. 1E and 1F). A similar phenotype of D2.OR 

dormancy is observed when these tumoral cells are co-cultured with BMD cells (Fig. 1B). 

Microscopy image analysis and luciferase quantifications (Fig. 1C and 1D) of D2.OR awakening 

showed that BMD cells did not affect the dormancy status of the tumoral cells. Moreover, 

quantification of Ki67+ D2.OR cells also confirmed that a 4-day co-culture period with BMD cells 

did not trigger the shift of dormant cells to proliferation (Fig. 1E and 1F). However, we observed 

a striking macroscopic elongation of D2.OR cell clusters when co-cultured in presence of M0 cells 

(Fig. 1B and 1C) which was accompanied by a 6-fold induction of the luciferase activity, 

demonstrating an increase of D2.OR cell number (Fig. 1D). This awakening was further 

demonstrated by the presence of a Ki67+ staining specifically in the D2.OR cells (Fig. 1E and 

1F).  

The mode of action of the macrophage-dependent awakening of the D2.OR breast cancer cells was 

further studied. Macrophages are known to promote an inflammatory response through the 
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secretion of growth factors and cytokines, which prone tumoral development (Y. Lin et al., 2019). 

Thus, we investigated whether the secretome of M-CSF-activated macrophages was sufficient to 

promote D2.OR awakening in vitro. Conditioned media of BMD (BMD_CM) and M0 (M0_CM) 

cells were assessed for their capacity to awaken D2.OR dormant cells cultured on 3D Matrigel for 

a period of 14 days. We showed that only M0_CM promoted D2.OR awakening, whereas 

BMD_CM did not (Fig. 1G-1I). M0-derived secretome induced elongated D2.OR cellular shape, 

luciferase transcriptomic activation and importantly, the appearance of Ki67+ nuclei in D2.OR 

cells, indicating that tumoral cells exit from dormancy (Fig. 1J and 1K). Moreover, we 

demonstrated that the D2.OR awakening was strongly promoted by the M0 secretome and slightly 

by M2 (IL-4 + IL-13) polarised macrophages, whereas M1 (LPS + IFN γ) polarised macrophages 

were not able to promote D2.OR awakening in vitro (Supp. Fig 1A-1E). Altogether, our data 

indicate that M0 cells are capable of promoting a proliferative state of dormant cancer cells by a 

paracrine mode of action. 

 

MMP9 is required but not sufficient for macrophage-dependent breast cancer cell 

awakening. 

As conditioned media obtained from M-CSF-polarised macrophages was sufficient to promote 

tumor cell awakening, we hypothesised that the paracrine crosstalk was transduced by tertiary 

structured molecules. Accordingly, M0_CM lost the capacity to awake dormant D2.OR cells when 

subjected to heating (100oC for 15 min; Fig. 2A and 2B), which validated our hypothesis. 

Therefore, we next aimed to identify candidate molecules that may trigger dormancy exit of the 

cancer cells. We quantified the molecular composition of both M0 and BMD cell-conditioned 

media, using a membrane-based antibody array (R&D Systems; #ARY028) that allows the relative 
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quantification of 111 growth factors, cytokines and chemokines. We found 9 molecules (CD14, 

LDLR, CCL6, M-CSF, CXCL10, CXCL16, endostatin, HGF and MMP9) to be significantly 

upregulated in M0_CM, when compared to BMD_CM (Fig. 2C and 2D). Next, we tested each of 

the 9 identified molecules for their capacity to induce D2.OR cell awakening when seeded on the 

3D Matrigel. We found that inhibition of MMP9, by specific MMP9 inhibitor, hampered D2.OR 

awakening, whereas none of the 8 other identified molecules impacted the awakening of dormant 

D2.OR cells (Fig. 2E and Supp. Fig. 2A-2C). Accordingly, zymography analysis of M0_CM 

showed both the pro- and active form of MMP9 to be secreted by M0 but not by BMD cells (Supp. 

Fig. 2D). We further tested the ability of MMP9 to promote breast cancer cell awakening by 

culturing D2.OR cells on the 3D Matrigel in presence of either the pro-MMP9 and an active-

MMP9. In these experimental conditions, we observed that D2.OR cells stayed dormant (Fig. 2F). 

Taken together, our data demonstrate that active MMP9, secreted by M-CSF-polarized 

macrophages is responsible for breast cancer awakening, however, MMP9 alone was not 

sufficient.  

 

MMP9 and Lysyl oxidase activities are required to promote breast cancer cell awakening by 

macrophages. 

MMP9 plays an important role in reactive processes including inflammation and is expressed 

constitutively by macrophages (Newby, 2016). MMP9 degrades type IV collagen (Newby, 2016) 

to exert physiological and pathological ECM remodelling. We developed a 3D Matrigel matrix 

priming assay to assess the implication of M0-dependent matrix remodelling during D2.OR cancer 

cell awakening. The 3D Matrigel matrices were subjected to remodelling by M0_CM or by 

BMD_CM for a period of 7 day. Next, the D2.OR cells were seeded on the top of the remodelled 
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3D Matrigel matrices for a period of 14 day to assess their dormancy exit (Fig. 3A). Macroscopic 

analysis and Ki67 staining showed that D2.OR cells awakened when plated on primed matrix 

remodelled by M0_CM (PM_M0_CM) but not on BMD_CM-primed matrix (PM_BMD_CM) or 

control (PM_Veh.) (Fig. 3B-D), demonstrating that ECM remodelling is a fundamental step for 

macrophage-dependent dormancy exit. Next, we investigated whether MMP9 activity is required 

in this process. Quantification of luciferase activity from D2.OR cells demonstrated that inhibition 

of MMP9 activity during matrix priming by M0_CM was sufficient to significantly, but not 

completely, revert D2.OR awakening (Fig. 3E and 3F). This partial inhibition of D2.OR 

awakening observed in the presence of MMP9 inhibitor led us to hypothesise that MMP9 acts in 

concert with other proteases. Indeed, macrophages can remodel ECM by the secretion of proteases, 

such as tissue plasminogen activator or cathepsins that have been linked to lung metastasis 

development (Xiao et al., 2021) and to the recruitment of neutrophils, which are major actors of 

breast cancer awakening (Albrengues et al., 2018). Therefore, using a pharmacological inhibition 

of cathepsins, tissue plasminogen activator and a blocking antibody of a neutrophil-dependent 

cryptic cleavage of laminin, we showed that M0-dependent awakening of D2.OR cells is not 

dependent on such molecular mechanisms (Supp. Fig. 3A-3H).  

Mechanical signals from the ECM drive tumoral expansion and metastasis development 

(Levental et al., 2009). Lysyl oxidase like 2 (LOXL2) is secreted by macrophages to crosslink 

collagen and elastin to favour the metastatic dissemination of pancreatic cells (Alonso-Nocelo et 

al., 2022). In breast cancer, LOXL2 expression promotes dormant cancer cell awakening 

(Weidenfeld et al., 2016). Therefore, we investigated a potential cooperative effect of lysyl oxidase 

activity and MMP9 during M0-dependent D2.OR awakening. We first showed that M0 

macrophages possess LOX activity, whereas BMD cells does not (Fig. 3G) and demonstrated that 
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addition of BAPN, a pan-LOX inhibitor, significantly decreased D2.OR awakening in response to 

M0_CM (Fig. 3H). Furthermore, a dual inhibition of MMP9 together with LOX activity hampered 

D2.OR awakening suggesting that MMP9 and ECM stiffening act in concert to promote breast 

cancer cell awakening by macrophages (Fig. 3H). Similar observation was also shown during 

matrix priming by M0_CM (Fig. 3I). Interestingly, we demonstrated that collagen IV degradation 

induced by M0_CM in vitro is transduced by MMP9 activity. Additionally, MMP9 blocking 

inhibited collagenase activity of the M0_CM by approximately 50% and BAPN or combinational 

treatments both resulted in a comparable levels of collagenase activity inhibition (Fig. 3J and 3K).  

This suggests that LOX might be an upstream regulator of MMP9 activity. Altogether, these data 

demonstrate that macrophages promote the awakening of breast cancer cells through the secretion 

of MMP9 and LOX-dependent ECM remodelling. 

 

Macrophage-mediated matrix modifications promote ligand-independent EGFR activation 

to induce the awakening of dormant D2.OR cells. 

EGFR activation initiates signals which can promote tumor growth. Importantly, this can occur 

independently of EGFR ligand biding (D. Liu et al., 2002). Instead, EGFR activation can be 

mediated by an integrin-dependent adhesion to ECM (Aguirre Ghiso et al., 1999). Both EGFR and 

its family member receptor Her2 sense matrix rigidity to be activated through a Src-dependent 

kinase phosphorylation (Saxena et al., 2017). In cancer cells, increased stiffening of the surrounded 

ECM promotes cancer expansion through EGFR activation in a ligand independent mechanism 

(Grasset et al., 2018). Subsequently to the demonstration that matrix modifications are involved in 

the M0-dependent awakening of the D2.OR cells, we investigated whether EGFR activation might 

be involved. We showed that indeed, EGF stimulation triggered the awakening of dormant D2.OR 
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cells in vitro (Fig. 4A and 4B). Additionally, pharmacological EGFR kinase inhibition by Ag1478 

and Gefitinib (Fig. 4C) impeded the D2.OR awakening in co-cultures (Fig. 4D) and the awakening 

of the D2.OR cells by M0 conditioned media (M0_CM) (Fig. 4E). Interestingly, either using the 

membrane-based antibody array (Supp. Fig. 4A and 4B) or a direct ELISA assay to quantify EGF 

within the M0_CM we found that EGF is not secreted by the M0 cells (Supp. Fig. 4C). 

Accordingly, addition of a monoclonal blocking antibody, called Cetuximab that inhibits ligand 

binding to EGFR, did not impact the awakening of the D2.OR cells in co-cultures (Fig. 4D) and 

in response to M0_CM (Fig. 4E), while it blocked the awakening induced by EGF (Supp. Fig. 

4D). We found that macrophage secretome promotes an EGFR-dependent awakening of dormant 

breast cancer cells independently of ligand activation, suggesting that EGFR activation may be 

triggered by a MMP9 and LOX dependent matrix remodelling. 

To determine whether the bio-mechanical regulation of ECM by macrophages promotes EGFR 

activation in D2.OR cells, we performed a western blot analysis of Her2 receptor activation. We 

observed an increased phosphorylation of Her2 in response to M0_CM primed matrix, by contrast, 

primed matrix by BMD_CM did not promote Her2 activation (Fig. 4F-4G). In addition, we 

showed an increased phosphorylation of the FAK and ERK kinases, consistent with D2.OR 

awakening (Fig. 4F-J) (D. Liu et al., 2002). Finally, 3D Matrigel dormancy assays strongly 

suggested that an integrin -1/Src/FAK/ERK signalling pathway triggered the awakening of 

D2.OR cells in response to M0-dependent matrix modifications, since inhibition of this signalling 

cascade promoted cancer cell dormancy in vitro (Fig. 4K-4M). Taken together, these results 

directly implicate MMP9 and LOX as mediators of macrophages-dependent ECM modifications 

to prompt dormant cancer cells into fast growing tumoral cells. 

 



106 

 

 

Discussion 

Macro-metastatic growth and on the contrary, long-term dormancy of the disseminated cancer 

cells are dictated not only by intrinsic genetic alterations (Y. Liu et al., 2021; Nobre et al., 2022; 

Trieu et al., 2022), but also, by varieties of external cues (Bragado et al., 2012). Therefore, the 

metastatic initiation depends on interactions between disseminating cancer cells and its 

surrounding microenvironment within the secondary target organ (Kaplan et al., 2006). 

While several stromal cell types have been implicated in the metastatic fate of disseminating cancer 

cells (Bragado et al., 2012), our study identifies macrophages as initiators of solitary dormant to 

proliferative cell switch. We demonstrate that macrophages primed the ECM to reactivate the 

proliferation of dormant cells. ECM priming occurs through the secretion of MMP9 within the 

extracellular milieu and works in concert with lysyl oxidases, leading to a ligand-independent 

activation of the Her2 tyrosine kinase receptor. We found that Her2 activity triggers cancer cell 

awakening upon macrophage-dependent ECM remodelling. 

Ligand-independent activation of tyrosine receptor kinases have been demonstrated in previous 

studies (Grasset et al., 2018). Dormancy entry can occur following a decreased expression of the 

urokinase plasminogen activator receptor (uPAR) in human carcinoma cells. uPAR 

downregulation leads to a reduced MAPK ERK activity due to reduced avidity of the 51 integrin 

to fibronectin (Aguirre Ghiso et al., 1999). In our model, -1 integrin blockage also hampered the 

macrophage-dependent awakening of D2.OR dormant cancer cells (Fig. 4K and 4L), however, 

uPA inhibition does not affect their quiescent phenotype when cultured on 3D Matrigel matrix 

(Supp. Fig. 3), indicating, that macrophages do not restore the uPAR/51 complex to resume 

proliferation. However, macrophage-dependent matrix priming reactivate the MAPK ERK 

signalling to promote awakening.   
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Macrophages have been long recognized as active components of the tumor microenvironment 

and their involvement in the progression of the primary tumor has been well characterized 

(Condeelis & Pollard, 2006; Lamagna et al., 2006; Pollard, 2004; Qian & Pollard, 2010; Ruffell et 

al., 2012; Sica et al., 2006). However, our knowledge on their contribution to dormancy and 

dormancy escape is very limited. Macrophages within the primary tumor microenvironment can 

prime disseminating tumor cells for a dormant phenotype (Borriello et al., 2021). Macrophages 

were also implicated in dormancy escape in an indirect manner. In a pancreatic ductal 

adenocarcinoma model, macrophages favour the formation of a fibrotic microenvironment, 

through conversion of resident stellate cells into myofibroblasts, which triggers the awakening of 

dormant cancer cells via activation of integrin signalling (Nielsen et al., 2016). Here, we 

demonstrate a novel mechanism of breast cancer cells awakening, linking tissue inflammation and 

ECM remodelling by protease secretion from macrophages. Accordingly, accumulation of 

myeloid cells, as a part of the inflammatory response following surgery, correlates with increased 

metastatic recurrence (Krall et al., 2018). Our study demonstrates that direct matrix remodelling 

by macrophages favour dormancy escape, therefore, providing evidence that in patients with 

increased risk of recurrence, inflammation should be monitored and controlled to avoid metastatic 

relapse. 

MMPs shape the tumor microenvironment in cancer (Niland et al., 2021), their expression 

correlates with poor clinical outcome (Z. Liu et al., 2010) and favour the dissemination of cancer 

cells (Gonzalez-Avila et al., 2019). Cleavage of the ECM by MMPs is a frequent process, and their 

implication in cancer cell awakening has been previously documented (Albrengues et al., 2018). 

Moreover, in breast metastasis to the brain, astrocyte-dependent accumulation of laminin-211 
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favours dormancy (Dai et al., 2022). A proteolytic cleavage of the laminin-211 by MMPs, 

following brain inflammation by microglia macrophages might initiate metastatic outgrowth.  

Interestingly, our work suggests a cooperative effect of MMP9 and LOX activities toward the pro-

awakening ECM modifications by macrophages. Several evidence have demonstrated a link 

between LOXL2 and MMP9. In hepatocellular carcinoma, LOXL2 promotes MMP9 expression, 

thus promoting the pre-metastatic niche formation (Wu et al., 2018). In breast cancer, LOXL2 

level is associated with invasive property (Kirschmann et al., 2002) by regulating the expression 

and activity of MMP9 (Barker et al., 2011). LOXL2 in pancreatic ductal adenocarcinoma increases 

both the primary and metastatic growth of cancer cells. LOXL2 expression is upregulated by 

Oncostatin secretion by macrophages (Alonso-Nocelo et al., 2022). In our model, we found that 

macrophages secrete active  LOX and MMP9, and cooperation between these two matrix modifier 

enzymes may also exist. Therapeutic approaches to block tumoral development by targeting 

MMPs have failed in clinic, and clinical trials focusing on LOX inhibition in breast cancer are so 

far inexistent (Augoff et al., 2022; Ferreira et al., 2021). This study suggests that patients with high 

risk of relapse may benefit from therapeutic approaches targeting MMPs and LOX upon tissue 

inflammation of such organs (lung, liver or brain) where dormant breast cancer cells preferably 

disseminate and stay quiescent for years before awakening. 
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Materials and Methods 

 

Cell culture 

D2.OR cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (#21969035, Gibco) 

supplemented with 10% fetal bovine serum (FBS) (#SH30066.03, HyClone), 500 units/mL 

penicillin and 500 g/mL streptomycin (#15140-122), 2mM Glutamine (#25030-024, Gibco). To 

generate mCherry- and luciferase-expressing cells, a pGIPz vector containing cDNA for mCherry 

and luciferase (Open Biosystems) was used. D2.OR cells were infected with the viral supernatants 

overnight in the presence of 10 μg/mL polybrene (#TR-1003-G, Sigma) and selected with 1 μg/ml 

puromycin (#sc-108071, Santa Cruz Biotechnology). 

 

Bone marrow-derived cell isolation and macrophage activation 

For bone marrow-derived cell isolation, Balb/C mice were sacrificed via cervical dislocation. After 

covering the hind legs with 70% ethanol, the skin was peeled from the top of each hind leg down 

over the foot. After, the hind legs were removed from the hip joint by a scissor. Both femur and 

tibiae were cleaned and collected from each hind leg and placed in a plastic dish containing cold 

RPMI (#31870025, Gibco) supplemented with 500 units/mL penicillin and 500 g/mL 

streptomycin (#15140-122, Gibco). Under sterile conditions, one end of each bone has been cut 

off using a sterile scalpel. Then, a 1ml syringe, with a 27-G sterile needle was filled with sterile 

RPMI (#31870025, Gibco) supplemented with 500 units/mL penicillin and 500 g/mL 

streptomycin (#15140-122, Gibco). Using this syringe, the bone marrow cavity of both the femur 

and tibiae were flushed twice or until the bone cavity appears to be white. The cells were 

centrifuged for 10 minutes at 1500 rpm, then the cell pellet was resuspended in bone marrow-

derived cell media (RPMI (#31870025, Gibco) supplemented with 20% FBS (#SH30066.03, 

HyClone), 500 units/mL penicillin and 500 g/mL streptomycin (#15140-122, Gibco), 2mM 

Glutamine (#25030-024, Gibco), 1mM Pyruvate (#11360070, Gibco) and β-mercaptoethanol 

(#M3148, Sigma-Aldrich)). 1x107 cells were diluted in 30 ml Bone marrow-derived cell media 

(BMD media) and seeded on 150 mm non-culture treated dish (#351058, Falcon) and placed in a 

5% CO2 incubator at 37°C (Day 0). For macrophage activation, the BMD media was supplemented 

with 10 ng/ml Macrophage-colony stimulation factor (M-CSF #416-ML-010, R&D Systems). On 

Day 3, additional 20 ml of fresh BMD media was added for the non-activated bone marrow-derived 
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cells and M-CSF-supplemented BMD media for the macrophages. On Day 5 both non-activated 

bone marrow-derived cells and M-CSF-activated macrophages were ready to be harvested for co-

culture experiments or conditioned media preparation. For M1 and M2 macrophage differentiation 

M0 macrophages were further stimulated. Using Lipopolysaccharide (LPS) (#L4391, Sigma) at 

100 ng/ml and murine recombinant Interferon-γ (IFN-γ) (#315-05, Peprotech) at 100U/mL for 48h 

for M1 phenotype or with 20ng/mL recombinant murine IL-4 (#214-14, Peprotech) and 20ng/mL 

recombinant murine IL-13 (#210-13, Peprotech) for 48h for M2 phenotype.  

 

Proliferation assay in co-cultures 

96-well culture-plates were coated with 50 μL of Matrigel (#356234, Corning) and incubated at 

37 °C for 20 minutes. Activated macrophages were rinsed twice with cold PBS (#14200-067, 

Gibco) and detached using StemPro Accutase (#A1110501, Thermo Fisher Scientific). 

Macrophages were centrifuged for 5 minutes at 1500 rpm, then 1x104 cells were resuspended in 

100 μL DMEM (#21969035, Gibco) supplemented with 0,5% FBS (#SH30066.03, HyClone), 500 

units/mL penicillin and 500 g/mL streptomycin (#15140-122, Gibco), 2mM Glutamine (#25030-

024, Gibco) and 10ng/ml M-CSF (#416-ML-010, R&D Systems). Non-activated bone marrow-

derived cells were centrifuged for 5 minutes at 1500 rpm, then 1x104 cells were resuspended in 

100 μL DMEM (#21969035, Gibco) supplemented with 0,5% FBS (#SH30066.03, HyClone), 500 

units/mL penicillin and 500 g/mL streptomycin (#15140-122, Gibco), 2mM Glutamine (#25030-

024, Gibco). Both M-CSF-activated macrophages and non-activated bone marrow-derived cells 

were seeded on the Matrigel (#356234, Corning) coated plates. 24 h later, D2.OR mCherry-

luciferase cells (2×103) were seeded in co-culture with either M-CSF-activated macrophages or 

non-activated bone marrow-derived cells or alone on Matrigel (#356234, Corning) coated plates 

in DMEM (#21969035, Gibco) supplemented with 0,5% FBS (#SH30066.03, HyClone), 500 

units/mL penicillin and 500 g/mL streptomycin (#15140-122, Gibco), 2mM Glutamine (#25030-

024, Gibco). The media was changed every second day. After 4 days, 100 μl of medium containing 

5 μg/ml of luciferin (#12507, AAT Bioquest) were added to the wells and proliferation was 

measured by bioluminescence imaging (BLI) using a plate reader (FLUOstar Omega Microplate 

Reader - BMG Labtech).  
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Conditioned media preparation 

M-CSF-activated, M1, M2 macrophages and non-activated bone marrow-derived cells were 

acquired as described above. As activated macrophages are adhesive cells even on non-cell culture 

treated dishes (#351058, Falcon), BMD media was removed and cells were washed twice with 

PBS (#14200-067, Gibco), then PBS (#14200-067, Gibco) was replaced with 15ml DMEM 

(#21969035, Gibco) supplemented with 0,5% FBS (#SH30066.03, HyClone), 500 units/mL 

penicillin and 500 g/mL streptomycin (#15140-122, Gibco), 2mM Glutamine (#25030-024, 

Gibco). The non-activated bone marrow-derived cells are non-adhesive cells on non-cell culture 

treated dishes (#351058, Falcon), therefore these cells were collected in a falcon tube and 

centrifuged for 5 minutes at 1500 rpm, and resuspended first in 10 ml PBS (#14200-067, Gibco), 

then centrifuged again for 5 minutes at 1500 rpm, then resuspended in 15ml DMEM (#21969035, 

Gibco) supplemented with 0,5% FBS (#SH30066.03, HyClone), 500 units/mL penicillin and 500 

g/mL streptomycin (#15140-122, Gibco), 2mM Glutamine (#25030-024, Gibco). Both 

macrophage and non-activated bone marrow-derived cell conditioned media was collected 24h 

later. The collected conditioned media was centrifuged for 5 minutes at 1500 rpm in order to 

eliminate any possible cell debris and used in conditioned media experiments right away or kept 

in -80°C until next experiments. 

 

Proliferation assay with conditioned media 

96-well culture-plates were coated with 50 μL of Matrigel (#356234, Corning) and incubated at 

37 °C for 20 minutes. mCherry-luciferase cells (2×103) were resuspended in 100 μL of DMEM 

(#21969035, Gibco) supplemented with 0,5% FBS (#SH30066.03, HyClone), 500 units/mL 

penicillin and 500 g/mL streptomycin (#15140-122, Gibco), 2mM Glutamine (#25030-024, 

Gibco), then grown on the coated wells. The next day, media were replaced with 100 μL of the 

indicated conditioned media (CM), supplemented with the indicated inhibitors. The CM was 

changed every second days. After 14 days, treatments were replaced with 100 μL CellTiter-Glo® 

3D assay reagent (#G9681, Promega). Following a 5-minute incubation on an orbital shaker, 

proliferation was quantified by luminescence measurements using a plate reader (FLUOstar 

Omega Microplate Reader - BMG Labtech).  
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Proteome Profiler Antibody Array: membrane-based assay  

Both BMD_CM and M0_CM were prepared as previously described. The assay 

was performed following the manufacturer's instructions (#ARY028, R&D Systems). 

 

Gelatin zymography 

Conditioned media from M0 macrophages or BMD cells were collected as described in previous 

sections in serum-free DMEM (#21969035, Gibco). Conditioned media was first concentrated, 

using 3kDa centrifugal filters (#UFC900308), then mixed at a 1:1 ratio with loading buffer (0.25 

M Tris, pH 6.8, 2% SDS, 4% sucrose, bromophenol blue). Samples were then loaded on 10% SDS-

PAGE gels containing 1 mg/ml gelatin (#G1890, Sigma). Following electrophoresis, the gels were 

rinsed twice in water and incubated in 2.5% Triton X-100 for 90 min at room temperature. The 

gels were then washed twice in substrate buffer (50 mM Tris pH 7.4, 200 mM NaCl, 2 mM CaCl2, 

1 mM MgCl2) and incubated in substrate buffer at 37 °C for 20 h. Gels were stained with Imperial 

Protein Stain for 2 h (#24615, Thermo Scientific) and destained in ultrapure water overnight. 

Enzymatic activities appear as clear bands in a blue background.  

 

Extracellular matrix remodelling assay  

In this assay, 96-well culture-plates were coated with 50 μL of Matrigel (#356234, Corning) and 

incubated at 37 °C for 20 minutes. Matrigel (#356234, Corning) coated plates were then incubated 

with DMEM (#21969035, Gibco) supplemented with 0,5% FBS (#SH30066.03, HyClone), 500 

units/mL penicillin and 500 g/mL streptomycin (#15140-122, Gibco), 2mM Glutamine (#25030-

024, Gibco) or BMD_CM or M0_CM (with or without inhibitors, as indicated in figure legends) 

for a period of 7 days at 37 °C. The primed matrices were then washed twice with phosphate buffer 

saline (PBS #14200-067, Gibco) before adding cancer cells (1x103) to the culture. After 14 days, 

treatments were replaced with 100 μL CellTiter-Glo® 3D assay reagent (#G9681, Promega). 

Following a 5-minute incubation on an orbital shaker, proliferation was quantified by 

luminescence measurements using a plate reader (FLUOstar Omega Microplate Reader - BMG 

Labtech).  
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Lysyl Oxidase Activity Assay Kit (Fluorometric)  

BMD_CM and M0_CM were prepared as previously described, then concentrated, using 3kDa 

centrifugal filters (#UFC900308). The assay was performed following the manufacturer's 

instructions (#ab112139, Abcam). Recombinant Mouse Lysyl Oxidase Homolog 2 /LOXL2 

(#9259-AO-020, , R&D Systems) was used as positive control. 

 

Immunofluorescence of cell cultures 

For immunofluorescent analysis we used Matrigel-coated (50μg/ml in PBS overnight, 37°C) 0.2 

kPa hydrogels, which were bound to a glass bottom in 96-well plate (#SW6-EC-0.2, Cell guidance 

systems). For the immunofluorescent analysis of co-cultures, BMD cells and M0 macrophages 

were labelled with Vibrant cell-labeling solution (#V22886, Invitrogen). D2.OR cells were then 

seeded in co-cultures with BMD cells or M0 macrophages (for a period of 4 day) or seeded alone 

and treated with the indicated conditioned media as previously described. For the 

immunofluorescent analysis of primed-matrices, we incubated these Matrigel-coated hydrogels for 

7 days with DMEM (#21969035, Gibco) supplemented with 0,5% FBS (#SH30066.03, HyClone), 

500 units/mL penicillin and 500 g/mL streptomycin (#15140-122, Gibco), 2mM Glutamine 

(#25030-024, Gibco) or BMD_CM or M0_CM. Then, primed-matrices were washed twice with 

PBS (#14200-067, Gibco) before adding cancer cells (1x103) to the culture. After 14 days, cells 

were fixed with 4% PFA for 20 min at room temperature, rinsed twice in PBS (#14200-067, 

Gibco), incubated in 50 mM of NH4Cl for 10 min, and permeabilized with 0.5% Triton X-100 for 

5 min. Cells were then incubated in blocking buffer (PBS containing 1% BSA) for 30 min and 

incubated with antibody against Ki67 (#NB110-89717, Novus Biologicals) .  After two washes in 

PBS (#14200-067, Gibco), cells were incubated in the presence of Phalloidin for 40 min, rinsed 

twice in PBS (#14200-067, Gibco), stained with DAPI for 5 min, rinsed in water, and placed in 

PBS (#14200-067, Gibco) for subsequent analysis. 

 

Enzyme-linked immunosorbent assay (ELISA) for EGF 

BMD_CM, M0_CM, M1_CM, M2_CM were prepared as previously described. The assay 

was performed following the manufacturer's instructions (#MEG00, R&D Systems). 
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DQ Collagen IV experiments 

DQ collagen IV (#D12052, Invitrogen) was mixed into Matrigel (#356234, Corning) at a final 

25g/mL concentration. Glass bottom, 96-well black plates were coated with 50L Matrigel-DQ 

collagen IV mix and incubated at 37 °C for 20 minutes. D2.OR cells (2×103) were resuspended in 

100 μL of DMEM (#21969035, Gibco) supplemented with 0,5% FBS (#SH30066.03, HyClone), 

500 units/mL penicillin and 500 g/mL streptomycin (#15140-122, Gibco), 2mM Glutamine 

(#25030-024, Gibco), then grown on the coated wells. The next day, media were replaced with 

100 μL of the indicated conditioned media (CM), supplemented with the indicated inhibitors. 

Treatments were changed every second days. Fluorescence intensity was measured in a 

fluorescence microplate reader (FLUOstar Omega Microplate Reader - BMG Labtech). Cells were 

fixed with 4% PFA for 20 min at room temperature, rinsed twice in PBS (#14200-067, Gibco), 

incubated in 50 mM of NH4Cl for 10 min, and permeabilized with 0.5% Triton X-100 for 5 min. 

Cells were then incubated in blocking buffer (PBS containing 1% BSA) for 30 min and cells were 

incubated in the presence of Phalloidin for 40 min, rinsed twice in PBS (#14200-067, Gibco), 

stained with DAPI for 5 min, rinsed in water, and placed in PBS (#14200-067, Gibco) for 

subsequent analysis. 

 

Western blot 

Cells grown on CM-primed Matrigel-coated 0.2 kPa hydrogel were lysed on ice in lysis buffer (25 

mM Tris [pH 6.8], 2% sodium dodecyl sulfate (SDS), 5% glycerol, 1% β-mercaptoethanol, 0.01% 

bromophenol blue) and the samples were sonicated. Equal amounts of protein from each sample 

were loaded on SDS-polyacrylamide gel electrophoresis, separated, and transferred onto 

Immunobilon-P PVDF membrane (#IPVH00010). The immunoblots were incubated in blocking 

buffer (5% BSA, 10 mM Tris-HCl [pH 7.5], 500 mM NaCl) for 30 min at room temperature and 

probed with specific antibodies overnight at 4 °C. Then, the immunoblots were washed three times 

for 10 min in Tris-buffered saline Tween 20 (TBST, 10 mM Tris-HCl [pH 7.5], 500 mM NaCl, 

0.1% Tween 20), incubated with secondary antibodies for one hour at room temperature in 

blocking buffer, and washed three times in TBST again. Immunodetection was performed using 

chemiluminescent horseradish peroxidase (HRP) substrate (#WBKLS0500, Sigma-Aldrich).  
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Statistical analysis 

All experiments were repeated at least three times and representative data/images are shown. 

Numerical quantifications for in vitro experiments represent mean ± standard deviation (SD). 

Immunoblot images are representative of experiments that have been repeated at least three times. 

Quantification of immunoblot corresponds to the mean ± standard deviation (SD) of the different 

replicate. For comparisons among groups, one-way ANOVA and post-hoc Tukey testing was 

performed. A P-value less than 0.05 was considered significant. All statistical analyses have been 

performed with GraphPad Prism software. 

 

Cell culture reagents and antibodies 

Recombinant Mouse M-CSF (#416-ML-050, R&D Systems) was used at 10ng/mL to activate 

macrophages. Interferon-γ (IFN-γ) (#315-05, Peprotech) was used at 100U/mL, 

Lipopolysaccharide (LPS) (#L4391, Sigma) at 100 ng/ml, Recombinant Murine IL-4 (#214-14, 

Peprotech) and Recombinant Murine IL-13 (#210-13, Peprotech) were used at 20ng/mL to polarize 

macrophages. MMP9 protein (#50560-MNAH, Sino Biological) was used at 2 μg/ml and 4-

Aminophenylmercuric acetate: APMA (#A9563, Sigma Aldrich) was used at 1mM to activate pro-

MMP9 and MMP9 inhibitor 1 (#44278, Calbiochem) was used at 10 μM to inactivate MMP9. 3-

Aminopropionitrile fumarate salt: BAPN (#A3134, Merck) was used at 10 μM to inhibit LOX 

activity. Ag1478 (#1276, Tocris Bioscience) and Gefitinib (#TB3000-RMU, Tocris Bioscience) 

was used at 1 μM, Cetuximab (#L01XC06) was used at 10 μg/mL to inhibit EGFR. PF-573228 

(#S2013, Selleck) was used at 10 μM to inhibit FAK activation, SU6656 (#572635, Calbiochem) 

was used at 10 μM to inhibit Src, Anti-Integrin B1 antibody clone Ha2/5: CD29 (#5555003, BD 

Biosciences) was used at 10 μg/ml to inhibit integrin-B1 activity, UO126 (#U120, Merck) was 

used at 10 μM to inhibit ERK activation. Recombinant Mouse CD14 (#771902, BioLegend) was 

used at 1, 10, 100 ng/mL, Recombinant Mouse Endostatin (#570-ES-050, R&D Systems) was used 

at 10, 50, 100 ng/ml, Recombinant Mouse CXCL10 (#466-CR-010, R&D Systems) was used at 1, 

5, 25, 50, 100 ng/ml, Recombinant Murine HGF (#315-23, Peprotech) was used at 1, 5, 10, 25, 50 

ng/ml, Recombinant Mouse CCL6 (#487-C-010, R&D Systems) was used at 1, 5, 25 ng/ml, 

Recombinant Mouse LDLR (#2255-LD-025, R&D Systems) was used at 0,5, 1, 5 μg/ml, 

Recombinant Mouse CXCL16 (#503-CX-025, R&D Systems) was used at 1 μg/ml and 5ng/ml. 
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Recombinant Mouse Serpin E2/PN1 (#2175-PI-010, R&D Systems) was used 20nM and 

Cathepsin G inhibitor 1 (#219372, EMD Millipore) was used at 10 μM.  

For Western blot analysis, antibodies against ERK1/2 (#4695), pThr202/Tyr204-ERK1/2 (#4370), 

FAK (#3585), pTyr397-FAK (#8556), HER2/ErbB2 (#2165), pTyr1248-HER2/ErbB2 (#2247) 

were purchased from Cell Signaling and monoclonal anti-β tubulin (#T4026, Sigma-Aldrich) was 

purchased from Merck. For immunofluorescence staining of in vitro cultures, antibodies against 

Ki67 (#NB110-89717, Novus Biologicals), Alexa Fluor 568 phalloidin (#A12380, Thermo Fisher 

Scientific) was used to stain F-actin and Dapi (#D9S42, Sigma Aldrich) was used as DNA stain.  
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Figure 1: M-CSF-activated macrophages trigger the awakening of dormant D2.OR cells 

 

A) Schematic representation of the different co-culture experimental setups of D2.OR cells and 

bone marrow-derived cells (BMD) or Macrophage colony-stimulating factor (M-CSF)-activated 

macrophages (M0). B) Representative images of D2.OR cells grown on Matrigel in 0,5% DMEM 

alone (Veh.) or in co-culture with BMD cells (D2.OR+BMD) or with M0 macrophages 

(D2.OR+M0). Scale bar, 100 μm. C) Quantitative image analysis of awakening D2.OR cells 

grown on Matrigel in 0,5% DMEM alone (Veh.) or when seeded in co-culture with BMD cells 

(BMD) or with M0 macrophages (M0). D) Quantification of D2.OR bioluminescence grown on 

Matrigel in 0,5% DMEM (Veh.) at day 4 or upon co-culturing with BMD cells (BMD) or with M0 

macrophages (M0). E) Representative images of DAPI- (blue), Phalloidin- (red) and Ki67-specific 

antibody (white)-labelled D2.OR cells . BMD and M0 cells are labelled with a green fluorescent 

dye. Scale bar, 100 μm. F) Quantification of the percentage of Ki67+ D2.OR cells in monocultures 

(Veh.) or upon co-culturing with BMD cells (BMD) or with M0 macrophages (M0). G) 

Representative images of D2.OR cells grown on Matrigel in 0,5% DMEM (Veh.) or treated with 

conditioned media (CM) collected from BMD cells (BMD_CM) or from M0 macrophages 

(M0_CM). Scale bar, 100 μm. H) Quantitative image analysis of awakening D2.OR cells grown 

on Matrigel in 0,5% DMEM (Veh.) or when treated with BMD_CM or with M0_CM. I) 

Quantification of D2.OR bioluminescence at day 14 upon treatment with 0,5% DMEM (Veh.) or 

treated with BMD_CM or with M0_CM. J) Representative images of D2.OR cells labelled with 

DAPI (blue), Phalloidin (red) and with a  Ki67-specific antibody (white).  Scale bar, 100 μm. K) 

Quantification of the percentage of Ki67+ D2.OR cells upon treatment with 0,5% DMEM (Veh.) 

or treated with BMD_CM or with M0_CM.  

(n = 3; means ± SD). ***P < 0.001; **P <0.01; *P < 0.05; NS: not significant. 
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Figure 2: MMP9 is required, but not sufficient for macrophage-dependent breast cancer 

cell awakening 

A) Representative images of D2.OR cells grown on Matrigel in 0,5% DMEM (Veh.), treated with 

M0_CM or boiled macrophage conditioned media (M0_bCM). Scale bar, 100 μm. B) 

Quantification of D2.OR bioluminescence on Matrigel at day 14 upon treatment with 0,5% DMEM 

(Veh.) or treated with BMD_CM, M0_CM or M0_bCM. C) Proteome-profiler cytokine arrays 

were probed with BMD_CM and M0_CM. The 8 identified molecules that showed upregulation 

in M0_CM are marked with squares in different colours. D) Quantification of the integrated 

density levels corresponding to each identified molecules on both membranes. E) Quantification 

of D2.OR bioluminescence on Matrigel at day 14 upon stimulation with 0,5% DMEM (first bar), 

M0_CM, M0_CM in the presence of MMP9 inhibitor or with BMD_CM F) Quantification of 

D2.OR bioluminescence on Matrigel at day 14 upon stimulation with 0,5% DMEM (Veh.), pro-

MMP9, Active MMP9 or M0_CM.  

 (n = 3; means ± SD). ***P < 0.001; **P <0.01; *P < 0.05; NS: not significant. 
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Figure 3: MMP9 and Lysyl oxidase activities by macrophages are required to promote breast 

cancer cell awakening  

A) Schematic representation of the experimental design for matrix priming experiments. B) 

Representative images of D2.OR cells seeded on Matrigel matrices that were primed with the 

indicated conditioned media (PM_BMD_CM or PM_M0_CM) or 0,5% DMEM (PM_Veh.). C) 

Representative images of immunostaining of D2.OR cells on primed Matrigel matrices with Ki67 

specific antibody (white) and labelled with DAPI (blue) and Phalloidin (red). Scale bar, 100 μm. 

D) Quantification of the percentage of Ki67+ D2.OR cells seeded on matrices that were primed 

with the indicated conditioned media (PM_BMD_CM or PM_M0_CM) or 0,5% DMEM 

(PM_Veh.). E) Representative images of D2.OR cells seeded on Matrigel matrices that were 

primed with 0,5% DMEM ( PM_Veh.), M0_CM ( PM_M0_CM) or with M0_CM in the presence 

of MMP9 inhibitor (PM_M0_CM+MMP9 inh.) Scale bar, 100 μm.  F) Quantification of D2.OR 

bioluminescence 14 days after seeding them on the differentially primed Matrigel matrices with 

0,5% DMEM ( PM_Veh.), M0_CM ( PM_M0_CM) or with M0_CM in the presence of MMP9 

inhibitor (PM_M0_CM+MMP9 inh.). G) Quantification of LOX activity in M0_CM and 

BMD_CM. Recombinant mouse LOXL2 was used as positive control. H) Quantification of D2.OR 

bioluminescence on Matrigel at day 14 upon stimulation with 0,5% DMEM, BMD_CM, M0_CM, 

M0_CM in the presence of MMP9 inhibitor, M0_CM in the presence of BAPN (LOX inhibitor) 

or M0_CM in the presence of both MMP9 inhibitor and BAPN. I) Quantification of D2.OR 

bioluminescence 14 after seeding on the differentially primed Matrigel matrices with 0,5% 

DMEM, BMD_CM, M0_CM, or with M0_CM in the presence of MMP9 inhibitor; BAPN; or both 

MMP9 inhibitor and BAPN. J) Representative images of Ki67 immunostaining of D2.OR cells on 

primed matrices. Cells were further labelled with DAPI (blue), Phalloidin (red) and green signal 

indicates DQ Collagen IV degradation. Scale bar, 100 μm.  K) Quantification of the fluorescence 

intensity corresponding to DQ Collagen IV degradation upon stimulation with the indicated CM 

in the presence of the indicated inhibitors.  

(n = 3; means ± SD). ***P < 0.001; **P <0.01; *P < 0.05; NS: not significant. 
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Figure 4: Macrophage-mediated matrix modifications promote ligand-independent EGFR 

activation in dormant D2.OR cells 

A) Representative images of D2.OR cells grown on Matrigel in 0,5% DMEM (Veh.), treated with 

M0_CM or EGF (2ng/ml). Scale bar, 100 μm. B) Quantification of D2.OR bioluminescence on 

Matrigel at day 14 upon treatment with 0,5% DMEM (Veh.), treated with M0_CM or EGF 

(2ng/ml). C) Schematic representation of the mechanism of action of the different EGFR 

inhibitors. D) Quantification of D2.OR bioluminescence on Matrigel at day 14 upon treatment 

with 0,5% DMEM (Veh.), BMD_CM or treated with M0_CM in the presence of the indicated 

inhibitors. E) Quantification of D2.OR bioluminescence 14 after seeding them on the differentially 

primed Matrigel matrices with 0,5% DMEM, BMD_CM, M0_CM, or with M0_CM in the 

presence of the indicated inhibitors. F) Immunoblots corresponding to pHER2, pERK1/2, pFAK 

in D2.OR cells seeded on primed matrices with 0,5% DMEM, BMD_CM or M0_CM. HER2, 

ERK1/2, FAK and tubulin-specific antibodies were used as loading controls. G-J) Quantification 

of HER2, ERK1/2 and FAK phosphorylation levels were calculated by normalizing the 

phosphorylation-specific band intensities to those of their non-phosphorylated counterparts. K) 

Quantification of D2.OR bioluminescence on Matrigel at day 14 upon treatment with 0,5% DMEM 

(Veh.) or treated with BMD_CM or M0_CM in the presence of the indicated inhibitors. L) 

Quantification of D2.OR bioluminescence 14 after seeding them on the differentially primed 

Matrigel matrices with 0,5% DMEM, BMD_CM, M0_CM, or with M0_CM in the presence of the 

indicated inhibitors. M) Graphical abstract of the suggested mechanisms driving the macrophage-

mediated cancer cell awakening.  

(n = 3; means ± SD). ***P < 0.001; **P <0.01; *P < 0.05; NS: not significant. 
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Supplementary Figure 1:  

A) Schematic representation of BMD cell activation into M0 macrophages, then trans-

differentiation into M1 (stimulation with Lipopolysaccharide (LPS) and Interferon-γ (IFN-γ) for 

48h) or M2 macrophages (stimulation with IL-4 and IL-13 for 48h). B) Representative images of 

D2.OR cells on Matrigel alone (D2.OR) or in co-culture with M0 (D2.OR+M0), M1 (D2.OR+M1), 

M2 (D2.OR+M2) macrophages. Scale bar, 100 μm. C) Quantification of D2.OR bioluminescence 

on Matrigel at day 4 in monocultures or upon co-culturing with M0, M1 or M2 macrophages. D) 

Representative images of D2.OR cells grown on Matrigel in 0,5% DMEM (D2.OR) or treated with 

conditioned media (CM) collected from M0 (M0_CM), M1 (M1_CM), M2 (M2_CM) 

macrophages. Scale bar, 100 μm. E) ) Quantification of D2.OR bioluminescence on Matrigel at 

day 14 upon treatment with 0,5% DMEM or treated with M0_CM, M1_CM or M2_CM. 

 (n = 3; means ± SD). ***P < 0.001; **P <0.01; *P < 0.05; NS: not significant. 
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Supplementary Figure 2:  

A) Quantification of D2.OR bioluminescence on Matrigel at day 14 upon treatment with 0,5% 

DMEM (Veh.) or treated with 1, 10 or 100 ng/ml recombinant mouse CD14, or 10, 50 or 100 

ng/ml recombinant mouse Endostatin or with M0_CM. B) Quantification of D2.OR 

bioluminescence on Matrigel at day 14 upon treatment with 0,5% DMEM (Veh.) or treated with 

1, 5, 25, 50 or 100 ng/ml recombinant mouse CXCL10 or 1, 5, 10, 25, or 50 ng/ml recombinant 

mouse HGF or with M0_CM. C) Quantification of D2.OR bioluminescence on Matrigel at day 14 

upon treatment with 0,5% DMEM (Veh.) or treated with 1, 5, 25 ng/ml recombinant mouse CCL6 

or 0.5, 1 or 5 μg/ml recombinant mouse LDLR, or 1 μg/ml or 5ng/ml recombinant mouse CXCL16 

or M0_CM. D) Representative image of Zymography test performed with BMD_CM, M0_CM 

and MMP9.  

(n = 3; means ± SD). ***P < 0.001; **P <0.01; *P < 0.05; NS: not significant. 
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Supplementary Figure 3:  

A) Representative images of D2.OR cells grown on Matrigel alone in 0,5% DMEM (D2.OR Veh.) 

or upon treatment with E64, a cysteine protease inhibitor (D2.OR E64); or grown in co-cultures 

with M0 macrophages in 0,5% DMEM (D2.OR+M0 Veh. ) or upon treatment with E64 ( 

D2.OR+M0 E64). B) Quantification of D2.OR bioluminescence on Matrigel alone in 0,5% 

DMEM (D2.OR Veh.) or upon treatment with E64 (D2.OR E64); or grown in co-cultures with M0 

macrophages in 0,5% DMEM (D2.OR+M0 Veh. ) or upon treatment with E64 (D2.OR+M0 E64). 

C) Representative images of D2.OR cells grown on Matrigel alone in 0,5% DMEM (D2.OR Veh.) 

or upon treatment with protease nexin-1 (PN-1), a serine protease inhibitor (D2.OR PN-1); or 

grown in co-cultures with M0 macrophages in 0,5% DMEM (D2.OR+M0 Veh. ) or upon treatment 

with PN-1 ( D2.OR+M0 PN-1). D) Quantification of D2.OR bioluminescence on Matrigel alone 

in 0,5% DMEM (D2.OR Veh.) or upon treatment with protease nexin-1 (PN-1), a serine protease 

inhibitor (D2.OR PN-1); or grown in co-cultures with M0 macrophages in 0,5% DMEM 

(D2.OR+M0 Veh. ) or upon treatment with PN-1 ( D2.OR+M0 PN-1). E) Representative images 

of D2.OR cells grown on Matrigel alone in 0,5% DMEM (D2.OR Veh.) or upon treatment with 

CathepsinG inhibitor (D2.OR CathepsinG inh.); or grown in co-cultures with M0 macrophages in 

0,5% DMEM (D2.OR+M0 Veh. ) or upon treatment with CathepsinG inhibitor ( D2.OR+M0 

CathepsinG inh.). F) Quantification of D2.OR bioluminescence grown on Matrigel alone in 0,5% 

DMEM (D2.OR Veh.) or upon treatment with CathepsinG inhibitor (D2.OR CathepsinG inh.); or 

grown in co-cultures with M0 macrophages in 0,5% DMEM (D2.OR+M0 Veh. ) or upon treatment 

with CathepsinG inhibitor ( D2.OR+M0 CathepsinG inh.). G) Representative images of D2.OR 

cells grown on Matrigel alone in 0,5% DMEM (D2.OR Veh.) or upon treatment with Antibody 28 

(D2.OR A28); or grown in co-cultures with M0 macrophages in 0,5% DMEM (D2.OR+M0 Veh. 

) or upon treatment with Antibody 28( D2.OR+M0 A28). H) Quantification of D2.OR 

bioluminescence on Matrigel alone in 0,5% DMEM (D2.OR Veh.) or upon treatment with 

Antibody 28 (D2.OR A28); or grown in co-cultures with M0 macrophages in 0,5% DMEM 

(D2.OR+M0 Veh. ) or upon treatment with Antibody 28( D2.OR+M0 A28). 

Scale bar, 100 μm; (n = 3; means ± SD). ***P < 0.001; **P <0.01; *P < 0.05; NS: not significant. 
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Supplementary Figure 4:  

A) Representation of the proteome-profiler cytokine arrays that were probed with BMD_CM and 

M0_CM. EGF is indicated with blue squares. B) Quantification of EGF integrated density on the 

membrane arrays. C) Quantification of mouse EGF within BMD_CM, M0_CM, M1_CM, 

M2_CM using EGF-specific ELISA. D) Quantification of D2.OR bioluminescence on Matrigel at 

day 14 in 0,5%DMEM or upon stimulation with EGF in the presence of absence of Cetuximab.  

***P < 0.001; **P <0.01; *P < 0.05; NS: not significant. 
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Breast cancer is the most frequently diagnosed malignant tumor in women worldwide. 

Neoadjuvant therapeutic management protocol includes chemotherapy cycles followed by surgical 

removal of the cancerous mass. Although this first line of breast cancer treatment is usually 

considered to be successful, some cancer cells can manage to escape from these attempts and 

undergo dormancy (Peyvandi et al., 2019). Dormant cancer cells are viable, non-proliferative cells 

which can preserve this status for years or even decades. Moreover, due to their low proliferative 

activity, dormant cells can evade therapy regimens and survive, while the patient can be falsely 

considered as clinically free of cancer (Damen et al., 2021). However, despite the various therapy 

efforts, cancer can come back after several years of disease-free condition, and can lead to 

recurrence, which frequently has fatal outcomes. 

Recently, increased scientific efforts have been focused on the identification of the 

mechanisms which induce the re-activation of dormant cancer cells, as it has been recognized that 

dormancy escape can drive cancer recurrence and metastasis (Park & Nam, 2020). For example, 

it has been observed that microenvironmental changes can trigger dormant cells to resume 

proliferation which then leads to tumor relapse (Santos-de-Frutos & Djouder, 2021). Also, it has 

been described that chronic inflammation can drive the re-activation of dormant cells suggesting 

that the immune system can regulate recurrence (Pierce et al., 2009). Furthermore, Albrengues and 

his collaborators demonstrated that neutrophil extracellular traps can induce dormancy escape by 

remodelling the extracellular matrix and thus altering integrin signalling, further confirming the 

importance of immune microenvironment in this process (Albrengues et al., 2018a).   

Macrophages have been long recognized as active components of the tumor 

microenvironment and their involvement in the progression of the primary tumor has been well 

characterized (Condeelis & Pollard, 2006; Lamagna et al., 2006; Pollard, 2004; B.-Z. Qian & 

Pollard, 2010; Ruffell et al., 2012; Sica et al., 2006). However, our knowledge on their contribution 

to dormancy and dormancy escape is very limited. In 2022, Borriello and his collaborators 

demonstrated that macrophages within the primary tumor microenvironment can prime 

disseminating tumor cells for a dormant phenotype. These primed DTCs were shown to perform 

increased speed of extravasation and better survival rates compared to experimentally metastasized 

cancer cells. However, depletion of macrophages at the primary tumor site resulted in a 

significantly decreased level of dormant cancer cells, thus confirming the contribution of 

macrophages to the success of the metastatic process (Borriello et al., 2021).  
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Macrophages were also implicated in dormancy escape, in an in-direct manner. It was 

shown in a pancreatic ductal adenocarcinoma model that macrophages favour the formation of a 

fibrotic microenvironment, through the secretion of granulin, which initiates the conversion of 

resident stellate cells into myofibroblasts. These myofibroblasts are responsible for the generation 

of the fibrotic environment, which triggers the awakening of dormant cancer cells via activation 

of integrin signalling (Nielsen et al., 2016). 

It has been shown that those breast cancer patients who undergo surgical removal of the 

primary tumor, face an elevated risk for metastatic recurrence, which peaks at 12 to 18 months 

following the surgery. Surgical injury is known to trigger a systemic inflammation, which 

generally accompanied by increased production of inflammatory mediators, such as the main 

monocyte chemoattractant CCL2. Krall et al. demonstrated in 2018 that accumulation of myeloid 

cells – as a part of the inflammatory response following surgery – correlates with increased 

metastatic recurrence (Krall et al., 2018). Additionally, in a breast cancer mouse model, the 

downregulation of Her2 leads to an increased CCL5 secretion by the tumor cells, which resulted 

in the accumulation of CCR5+ macrophages within the tumor and was associated to increased 

recurrence. The authors suggest that macrophages might promote recurrence through collagen 

deposition, however, the molecular mechanisms need to be elucidated (Walens, DiMarco, et al., 

2019). 

It has never been sufficiently demonstrated whether direct interactions between dormant 

cancer cells and macrophages could lead to cancer relapse. Thus, the main objective of my thesis 

work was to investigate whether there is a functional interaction between dormant cancer 

cells and macrophages and to test whether macrophages can trigger the re-activation of 

dormant cancer cells. Understanding the molecular mechanisms of such interactions are 

particularly important since they can serve as potential targets for the development of targeted 

therapies to prevent recurrence. 
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To test the above-mentioned hypothesis, we used the D2.OR cell line – an accepted model 

for cancer dormancy both in vitro and in vivo – which is derived from spontaneous malignant 

neoplasms of Balb/C mouse mammary gland. D2.OR cells are dormant when cultured on basement 

membrane matrix (Matrigel) in DMEM media containing 0,5% serum or when injected in mice 

(Barkan & Green, 2011).Therefore, this cell line can be used to identify factors involved in the 

awakening of dormant cells.  

Taking advantage of this model, we developed an in vitro co-culture system of bone 

marrow-derived, M-CSF-activated macrophages and dormant cancer cells to study whether 

macrophages themselves could contribute to the awakening of the dormant cells. For this, 

morphometric quantification of cancer cell outgrowth as well as proliferation measurements based 

on D2.OR bioluminescence was applied. Strikingly, we found that in such co-cultures, M-CSF-

activated primary macrophages are able to induce the awakening of dormant D2.OR cells. 

However, neither cancer outgrowth nor proliferation were detected in co-cultures with non-

activated bone marrow-derived cells, indicating that the previously observed awakening is 

macrophage-dependent (Fig. 1B-D).  

To further confirm that in the presence of M-CSF-activated macrophages, dormant cancer 

cell awakening is accompanied with increased cell proliferation, we performed 

immunofluorescence staining for Ki67. Ki67 protein is known to be present in the nucleus of cells 

during all active phases of the cell cycle (G1, S, G2 and M), while is absent in quiescent cells (G0), 

therefore can be used as a marker for cell proliferation (Bruno & Darzynkiewicz, 1992). Although 

morphologically we observed the formation of cellular outgrowths, it does not imply the re-

activation of the cell proliferation. Therefore, performing Ki67 staining was essential to confirm 

that the macrophage-induced phenotype is coupled to an elevated proliferative status. Notably, we 

did not observe Ki67+ D2.OR cells in control conditions or when D2.OR cells were co-cultured 

with non-differentiated bone marrow-derived cells, which indicate that these D2.OR cells are in a 

quiescent, dormant state. However, around 33% of all D2.OR cells were Ki67+ in the presence of 

M-CSF activated macrophages, confirming that they switch from a quiescent to a proliferative 

status (Fig. 1E and 1F). Thus, we demonstrated for the first time, that functional interactions 

between macrophages and dormant cancer cells can result in dormancy escape.  

Next, we were wondering whether differentiating macrophages into different subtypes 

would affect their ability to awaken dormant cancer cells. Therefore, we differentiated 
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macrophages from bone marrow-derived cells, using M-CSF (we considered these macrophages 

as M0-like macrophage), then transdifferentiated these M0-like macrophages into M1-like 

macrophages using LPS and IFNγ or into M2-like macrophages using IL-4 and IL-13 (Supp. 

Fig.1A) . Interestingly, when D2.OR cells were co-cultured with M1-like macrophages, we didn’t 

observe the previously seen cancer cell outgrowths and in line with this, the bioluminescence of 

the D2.OR cells didn’t increase, suggesting that M1-like macrophages do not have the ability to 

awaken dormant cancer cells. On the other hand, when D2.OR cells were co-cultured with M2-

like macrophages, we could observe cancer cell awakening. However, we found that M-CSF-

activated macrophages are the most potent inducers of dormant cancer cell awakening (Supp. Fig. 

1B-E). It is important to note that those M-CSF-activated macrophages that we consider as M0, 

have been proposed to show rather M2-like phenotypic and functional properties. These M0 

macrophages are known to be more involved in scavenging, phagocytosis and secrete anti-

inflammatory cytokines, such as IL-10 (Orekhov et al., 2019). Also, M-CSF is frequently 

overexpressed by tumors, to activate the pro-tumoral functions of macrophages, thus generating 

tumor-associated macrophages (Laoui et al., 2014). Therefore, M-CSF generated macrophages 

should rather be considered as tumor promoting macrophages. Whereas, GM-CSF, another 

cytokine that is able to trigger macrophage differentiation, generates macrophages which belong 

to M1-like phenotype. These GM-CSF-activated macrophages participate in antigen presentation 

and secrete inflammatory cytokines, such as IL-12, IL-23 and TNF-α (Fleetwood et al., 2007). In 

all my experiments, I used M-CSF to generate macrophages in vitro, however, in order to better 

characterize how the different phenotypic variants influence dormancy escape, it would be 

important to test GM-CSF-activated macrophages as well within these experimental setups. As 

GM-CSF-activated macrophages exert M1-like characteristics and in our setups M1-like 

macrophages don’t have potency to awaken dormant cancer cells, one could expect that GM-CSF-

activated macrophages wouldn’t trigger cancer cell awakening either.  

Further experiments are required to evaluate whether macrophage polarization from M0 

macrophages to M1- and M2-like phenotype was successful in our experimental setup. It could be 

done by comparing the expression patterns of different M1 (IL-1β, CD86, CD80, TNF, IL-6) and 

M2 (CD163, CD206, IL-10, CXCR1, Arginase) marker genes by qPCR (Jayasingam et al., 2020). 

Additionally, it was suggested that M2-like macrophages should be further categorized into 

subgroups. The IL-4/IL-13 method, which have been applied here, is known to polarize 
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macrophages into M2a phenotype, whereas IL-1β and LPS co-stimulation induces the polarization 

of M0 cells toward M2b. Finally, IL-10, TGF-β or glucocorticoid hormones promote M0 to M2c 

polarization (Ferrante & Leibovich, 2012). In my hands, M-CSF-activated (M2-like) macrophages 

had the greatest potency to awaken dormant cancer cells, while M2a polarization of M0 

macrophages limited this ability. Therefore, we decided to uncover how these M-CSF-activated 

macrophages can induce the awakening of the dormant cancer cells.  

 

To identify those macrophage-derived mechanisms which trigger D2.OR awakening, we 

first tested whether macrophages stimulate dormant cells via direct cell-cell interactions or through 

the secretion of soluble factors. Therefore, we treated quiescent D2.OR cells with cell-free 

conditioned medium obtained from undifferentiated bone marrow-derived cells or from activated 

macrophages. Since treatments with the macrophage conditioned medium (M0_CM) triggered the 

activation of D2.OR proliferation, we concluded that secreted factors mediate the macrophage-

induced awakening. In addition, boiling the conditioned medium prevented its awakening potency, 

suggesting that macrophages act on dormant cells via soluble proteins. To identify those 

macrophage-secreted factors which are responsible for the awakening of the dormant D2.OR cells 

we performed a proteome profiling screen on bone marrow-derived cell and macrophage 

conditioned mediums. Using a membrane array kit, we identified a total of 8 molecules (CD14, 

LDLR, CCL6, CXCL10, CXCL16, Endostatin, HGF, MMP9) showing upregulation upon MCSF-

activation of bone marrow-derived cells (Fig. 2C and 2D). Using recombinant proteins, blocking 

antibodies and inhibitor treatments, we aimed to validate whether among these molecules we can 

identify those ones which are responsible for the macrophage-mediated cancer cell awakening 

(Supp.Fig. 2A-C).  

Zymography tests showed MMP9 activity within the M0 CM, confirming that these cells 

are expressing this matrix metalloprotease (Supp.Fig. 2D). Additionally, we found that blocking 

MMP activity with a pan-MMP inhibitor (Figure 17) or MMP9 activity with a specific MMP9 

inhibitor (MMP9 inhibitor 1) significantly decreased the awakening potency of the macrophage 

conditioned media, indicating that macrophage-derived MMP9 is involved in the macrophage-

mediated cancer cell awakening. However, treatment with recombinant either pro- or active 

MMP9 is not sufficient to resume the proliferation of dormant cancer cells, indicating that MMP9 

co-operates with other factors to mediate dormancy escape (Fig. 2E and 2F). The importance of 
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MMP9-mediated matrix modifications in cancer cell awakening has been already demonstrated by 

previous works. Albrengues et al. showed that cigarette smoke exposure or LPS-induced 

inflammation cause the formation of neutrophil extracellular traps (NETs) in the lung, which are 

DNA scaffolds that can release different enzymes and proteases. Among these, NETs release two 

proteases, MMP9 and neutrophil elastase, which were shown to cleave and remodel laminin which 

is then able to stimulate the proliferation of dormant D2.OR cells, through the activation of integrin 

α3β1 and FAK/ERK/MLCK/YAP signalling. In this work, the authors demonstrate also, that 

neither MMP9 nor neutrophil elastase is sufficient alone to induce the awakening of dormant 

cancer cells (Albrengues et al., 2018a).  

 

Figure 17. Pan-MMP inhibitor significantly decreased the awakening potency of M0 CM 

Quantification of D2.OR bioluminescence on Matrigel at day 14 in 0,5% DMEM (Veh.) or upon 

treatment with M0_CM in the presence or absence of GM6001, a pan-MMP inhibitor shows, that 

GM6001 significantly decrease the awakening by M0_CM.  

 

The role of the extracellular matrix has been already implied in dormancy escape. Several 

studies demonstrated that the transition from cellular dormancy to metastatic expansion both in 

vitro and in vivo is strongly regulated by integrin signalling (Albrengues et al., 2018a; Barkan et 

al., 2008; Shibue & Weinberg, 2009). Additionally, collagen binding was shown to activate the 

non-canonical DDR1 signalling, which is known to promote cancer cell growth at metastatic 

regions (Gao et al., 2016). Furthermore, Tenascin-C has been shown to promote the metastatic 

expansion of breast cancer cells by enhancing Wnt signalling (Malladi et al., 2016). These findings 

suggest that the ECM can trigger activation of signalling pathways that enable the spread of 

metastatic disease and dormancy escape. Considering that we found MMP9 essential in the 

macrophage-mediated cancer cell awakening, we were wondering, whether macrophages trigger 

dormancy escape exclusively through matrix modifications. To test this hypothesis, we set up a 
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3D culture system. We primed Matrigel matrix with M0 or BMD conditioned media (CM), then 

seeded the D2.OR cells on these remodelled matrices (Fig. 3A). Interestingly, we found that these 

M0 CM-primed matrices are sufficient to trigger cancer cells awakening, whereas D2.OR cells 

showed dormant phenotype on BMD CM-primed Matrigel, suggesting that macrophages mediate 

dormancy escape via matrix modifications (Fig. 3B-E). 

 

In order to identify which macrophage-mediated matrix modification could lead to cancer 

cell awakening, we performed a mini screen. Macrophages known to secrete different cysteine and 

serine proteases. It was previously published that MMP9 can cooperate with neutrophil elastase, a 

serine protease, to induce the dormancy escape of D2.OR cells (Albrengues et al., 2018a). 

Therefore, we were wondering whether macrophages mediate cancer cell awakening through 

similar mechanisms. Thus, we tested protease nexin, a pan-serine protease inhibitor in our co-

culture system, however, this inhibitor did not affect the macrophage-mediated awakening (Supp. 

Fig. 3C and 3D). In their work, Albrengues and his colleagues found that via protease secretion, 

NETs reveal an epitope on the ECM within the lung, which is then recognised by the dormant 

cells. This interaction with the dormant cancer cells and the modified matrix then leads to the 

neutrophil-triggered dormancy escape. Importantly, they found that a custom-made antibody, 

antibody 28, which recognises the revealed epitopes of the MMP9/neutrophil elastase-primed 

matrix blocks D2.OR awakening (Figure 18). We had to opportunity to test whether this antibody 

28 could affect the macrophage-mediated cancer cell awakening as well. We found that antibody 

28 did not inhibit the macrophage-mediated dormancy escape, suggesting that macrophages 

promote cancer cell re-activation through different matrix modifications (Supp. Fig. 3G and 3H). 

Additionally, we tested a pan-cysteine protease inhibitor, called E64, which also proved to be 

ineffective to block macrophage-mediated cancer cell awakening (Supp. Fig. 3A and 3B).  
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Figure 18. Schematic representation of the NETs-dependent dormancy escape 

Neutrophil extracellular traps formed upon lung inflammation awaken dormant cancer cells 

through the secretion of neutrophil elastase (NE) and MMP9. These two proteases cleave specific 

epitopes on the extracellular matrix protein laminin, which trigger the awakening of dormant cells. 

Antibodies blocking this epitope (Antibody 28) prevent the inflammation-triggered awakening.  

 

Adapted from: (Albrengues et al., 2018b) 

 

Clinical data shows that in breast cancer patients the presence of LOXL2 is associated with 

a decreased time of relapse-free survival (Weidenfeld et al., 2016). Additionally, Hollosi and his 

collaborators demonstrated that MCF-7 breast cancer cells show dormant phenotype in vivo within 

the lung, however when MCF-7 cells were stably transduced to express LOXL2, they observed 

metastatic outgrowth (Hollosi et al., 2009). Furthermore, according to Levental and colleagues, 

lysyl-oxidase-mediated collagen crosslinking contributes to the stiffening of the extracellular 

matrix, which subsequently enables tumor cells to behave more invasively. In more details, 

increased tension caused by a stiffer matrix triggers integrin clustering and leads to the 

phosphorylation of the focal adhesion kinase (pFAK), thus promoting the activation of several 
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downstream signalling pathways, such as the AKT, Rho and ERK pathways. The activation of 

these pathways leads to cytoskeletal changes within the breast cancer cells accompanied with 

increased proliferation and migration (Levental et al., 2009). These observations implicate that 

lysyl oxidases and their matrix modifications could influence dormancy. Evidence suggests that 

macrophages can trigger matrix modifications through lysyl oxidases as well (Alonso-Nocelo et 

al., 2022; Huang et al., 2021). Therefore, we compared the LOX activity within M0 and BMD 

CM. We found that LOX activity was significantly higher in the M0 CM, compared to the BMD 

CM. To test whether the LOX activity of M-CSF-activated macrophages contributes to their 

awakening potency, we used β-Aminopropionitrile (BAPN), an inhibitor of LOX activity. BAPN 

significantly decreased the effect of the M0 CM, suggesting that LOX activity is involved in the 

macrophage-mediated dormancy escape (Fig. 3D-H).  

Interestingly, the relative expression of LOX and MMP9 in tissue specimens from gastric 

cancer patients showed a positive correlation. Furthermore, when BGC-823 gastric cancer cells 

were treated in vitro with BAPN to inhibit LOX, both protein concentration and enzyme activity 

of MMP9 decreased in the culture supernatants. However, the treatment of BGC-823 cells with 

exogenous LOX resulted in an increased MMP9 protein concentration and enzyme activity (Zhao 

et al., 2019). Correlations were also observed between LOX and MMP9 in non-small cell lung 

cancer (NSCLC) by comparing the mRNA and protein expression of LOX and MMP9 in samples 

from 30 NSLC patients. In comparison to their non-cancerous counterparts, the relative mRNA 

and protein expression of LOX was significantly higher in NSCLC tumor tissues. In addition, 

higher LOX expression was strongly correlated with MMP9 expression, as well as with increased 

tumor size and lymph node metastasis. The authors suggest that LOX might promote NSCLC 

metastasis via enhancing MMP9 expression (J. Liu et al., 2014). These observations suggest that 

LOX may have a role in controlling MMP9 activity, therefore using BAPN to inhibit LOX, might 

affect MMP9 as well.  

Considering that LOXL2 has already been implied in dormancy escape and macrophages 

were already shown to secrete this specific amine oxidase, we were wondering whether 

recombinant, APMA-activated MMP9 and recombinant LOXL2 treatment would be sufficient to 

induce the awakening of dormant D2.OR cells (Hollosi et al., 2009; Levental et al., 2009; Ramos 

et al., 2022; Weidenfeld et al., 2016). We found that this combinational treatment could not trigger 

dormancy escape (Figure 19). It is possible, that M-CSF-activated macrophages secrete a different 
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LOX isoform. In order to identify which isoform is expressed by MCSF-activated macrophages, 

in the future we will compare the expression levels of LOX, LOXL1, LOXL2, LOXL3 and LOXL4 

using qPCR. After specifically determining which LOX enzyme is expressed by the M-CSF-

activated macrophages, the same experiment should be performed, but using this recombinant 

form of LOX protein. However, it cannot be excluded that not only MMP9 and LOX activities are 

responsible for the macrophage-mediated cancer cell awakening.  

 

 

 

Figure 19. Combinational treatment with rLOXL2 and rMMP9 is not sufficient to induce the 

awakening of dormant D2.OR cells 

Quantification of D2.OR bioluminescence on Matrigel at day 14 in 0,5% DMEM (Veh.) or upon 

treatment with M0_CM or recombinant MMP9, recombinant LOXL2 or both. 

 

Next, we aimed to identify those matrix modifications which might be responsible for the 

macrophage mediated dormant cell awakening. It has been already shown that MMP9 has 

collagenase activity (Kumar et al., 2000; Zeng et al., 1999). Therefore, using a fluorescent reporter 

assay, we decided to test whether the observed awakening is coupled to increased hydrolysis of 

Collagene IV – the dominant collagen form of the Matrigel matrix we used. We didn’t observe 

any fluorescent signal in control conditions or when D2.OR cells were treated with BMD CM, 

indicating that D2.OR cells by themselves do not secrete any enzymes with collagenase activity. 

However, we saw a significant increase in the fluorescent signal when D2.OR cells were treated 

with M0 CM. As expected, MMP9 inhibitor treatments decreased the collagenase activity of the 

applied conditioned media. However, treatments with the LOX inhibitor BAPN alone and also in 

0

200

400

600

800

D
2
.O

R
 B

io
lu

m
in

e
s
c
e
n

c
e

 a
t 

d
a
y
 1

4
 (

%
 o

f 
c
o

n
tr

o
l) Veh. 

rMMP9

rLOXL2

rMMP9 + rLOXL2

M0_CM
ns

***



151 

 

 

combination with MMP9 inhibitor led to a similar degree of collagenase inhibition, suggesting that 

LOX is an upstream regulator of MMP9 (Fig. 3I and 3J).  

 To test, whether the increased collagen degradation was a result of enzyme activity derived 

from the macrophage conditioned media or was dependent on the presence of D2.OR cells, we 

measured the fluorescent intensity generated by the different conditioned media in the absence of 

the D2.OR cells. Importantly, we found that M0 macrophage conditioned medium has high 

collagenase IV activity, however, this activity was further elevated when D2.OR cells were present 

(Figure 20). These results suggest that upon stimulation with macrophage conditioned media, 

D2.OR cells might secrete further proteases, which could contribute to those matrix modifications 

which subsequently lead to the awakening of dormant cancer cells. Further experiments are 

required to study whether the secretome of D2.OR cells are changing upon stimulation with M0 

CM or when D2.OR cells are seeded on the different primed matrices. Such experiments could 

bring us closer to the better understanding of those matrix modifications which can trigger 

dormancy escape.  

 

 

Figure 20.  DQ Collagen IV degradation in the presence and absence of D2.OR cells 

Quantification of the fluorescence intensity derived from the degradation of DQ Collagen IV upon 

stimulation with the indicated CM in the presence or absence of D2.OR cells.  
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To better understand the macrophage-mediated dormancy escape, we also investigated the 

molecular mechanisms which are triggered in the dormant cancer cells. The mechanical cues 

arising from the extracellular matrix are known to be transduced by integrins (Barkan & Green, 

2011). Several studies provided evidence about the importance of integrins, particularly β-1 

integrin in the transition from cellular dormancy to metastasis formation (Albrengues et al., 2018a; 

Barkan et al., 2008, 2010; Barkan & Chambers, 2011; Barkan & Green, 2011; Shibue & Weinberg, 

2009). Notably, the downregulation of the uPA-UPAR interaction was shown to decrease β-1 

integrin signalling, thus leading to the transition from proliferative to dormant phenotype (Aguirre-

Ghiso et al., 2003). Additionally, β-1 integrin signalling was found to be particularly important in 

the regulation of metastasis formation in D2.OR cells, as upregulating β-1 signalling allowed 

dormant cancer cells to re-enter the cell cycle (Barkan et al., 2008). Integrins promote the 

recruitment and activation of signalling proteins such as non-receptor tyrosine kinases including 

focal adhesion kinase (FAK) and c-Src that form a dual kinase complex and initiate biochemical 

signalling to regulate cell proliferation, survival and motility (Mitra & Schlaepfer, 2006). It was 

shown that collagen binding to integrin receptors can initiate the activation of FAK and Src 

complex and trigger ERK phosphorylation, thus promoting the metastatic outgrowth (Boyerinas 

et al., 2013). Therefore, we aimed to test whether the macrophage-mediated matrix modifications 

can also trigger similar integrin signalling activation and subsequent FAK-Src activation. For this, 

we used specific blocking antibodies against integrin β-1, and small inhibitory molecules to target 

FAK (PF573228) and Src (SU6656). Remarkably, these treatments blocked the macrophage-

mediated cancer cell awakening; therefore, we suggest that macrophages induces matrix 

modifications, which trigger β-1 integrin- and subsequent FAK-Src activation.  

 

We found that the dormancy state of D2.OR cells on Matrigel is strongly depend on the 

available nutrients and growth factors, such as EGF. D2.OR cells displayed dormant phenotype 

only in low serum (0,5%) containing media, whereas formed outgrowth when 10% serum 

containing media was applied (results not shown). Proteases, including MMP9 are known to cleave 

proteins from the ECM, thus releasing matrix-bound growth factors, cytokines and matrikines 

(Winkler et al., 2020). The term matrikines refers to those proteins that were released via partial 

proteolysis from the macromolecules of the ECM and possess the ability to control cellular activity 
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(Maquart et al., 2004). One could imagine that upon M0 CM treatment, MMP9 activity could 

trigger the release of growth factors or matrikines from the Matrigel, which could contribute to the 

dormancy escape of D2.OR cells. However, it would not explain the awakening of D2.OR cells 

on M0 conditioned media-primed matrices, as following the pre-conditioning of the Matrigel with 

the different conditioned media, we performed washing steps which could remove factors that may 

become soluble. On the other hand, it cannot be excluded that macrophage-mediated matrix 

modifications reveal a new epitope, which could trigger integrin activation, thus leading to 

dormancy escape.  

We identified EGF also to be a potent inducer of the dormancy escape of the D2.OR cells 

(Fig. 4A and 4B). Since macrophages were shown to secrete EGF upon M-CSF stimulation in 

order to promote cancer cell progression (Condeelis & Pollard, 2006; Wyckoff et al., 2004), we 

sought to investigate, whether EGF is involved in the macrophage-mediated cancer cell 

awakening. Since the proteome profiler that we used to compare the secretome of M0 and BMD 

cells did not detect any EGF secretion upon M-CSF stimulation of macrophages, we used ELISA 

to quantify the level of EGF within the different M0, M1, M2 and BMD CMs. However, we found 

that none of these tested media contained EGF, indicating that the observed D2.OR reactivation is 

not mediated by macrophage-secreted EGF (Supp.Fig. 4C). Despite that the macrophage-

conditioned media did not contain EGF, we found that EGFR signalling is essential for the 

macrophage-mediated cancer cell awakening. Using the antibody Cetuximab, a specific inhibitor 

of the ligand-dependent activation of EGFR and the two tyrosine kinase inhibitors Ag1478 and 

Gefitinib, we were able to demonstrate that macrophage-mediated matrix modifications trigger 

EGFR activation in dormant D2.OR cells in a ligand independent manner (Fig. 4C-E). It has 

been long recognised that integrins can stimulate the tyrosine phosphorylation of the EGFR and 

its family member receptor Her2 in the absence of any receptor ligands, thus leading to ERK 

activation (Miyamoto et al., 1996; Moro, 1998; S. E. Wang et al., 2009; Yoon et al., 2006). These 

studies demonstrate that integrin clustering could result in the clustering and phosphorylation of 

EGFR/ErbB2 and shows that FAK represents the link between integrin and receptor tyrosine 

kinases, including the ErbB family (Sieg et al., 2000; S. E. Wang et al., 2009). Additionally, similar 

mechanisms have been already implied in dormancy escape. Notably, it was observed, that 

fibronectin-derived signals trigger integrin activation in dormant, uPAR-rich squamous carcinoma 

cells, which leads to a FAK-dependent EGFR phosphorylation in the absence of EGF receptor 
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ligands. Then EGFR signalling will result in ERK phosphorylation and subsequent dormancy 

escape and cancer cell proliferation (Ki67+ cells). The authors also show that this dormancy escape 

is accompanied by p38 inactivation, which is mediated by CDC42 (Aguirre-Ghiso, 2007b; 

Aguirre-Ghiso et al., 2001; D. Liu et al., 2002). In line with this, we showed that Her2/ErbB2, 

FAK, ERK1 and ERK2 phosphorylation is increased when D2.OR cells were seeded on M0 CM-

primed matrix (Fig. 4F-I). Therefore, we suggest that macrophage-mediated matrix 

modifications could trigger β1-integrin- and FAK dependent EGFR activation which then 

culminates to ERK signalling and increased proliferation. Currently, we are evaluating how 

these phosphorylation patterns are changing in the presence of the different inhibitors (MMP9 

inhibitor, BAPN, CD29 inhibitor, SU6656, Ag1478, Gefitinib, Cetuximab, PF573228, UO126) in 

order to better characterize the regulatory network of macrophage-mediated signalling pathways 

leading to dormancy escape.  

 

 An important follow-up of this work would be the in vivo validation of my results. For this, 

I suggest a liver metastasis model, as it was shown that 45% of Her2+ breast cancer cells 

metastasize to this organ (Harbeck et al., 2019). Additionally, it has been shown that macrophages 

recruited to the liver promote metastasis formation of pancreatic ductal adenocarcinoma indirectly 

by the activation of hepatic stellate cells into myofibroblasts, which triggers the generation of a 

fibrotic microenvironment that promotes the metastatic outgrowth of PDAC cells (Nielsen et al., 

2016). Importantly, it has been shown that D2.OR cells preserve their dormant phenotype within 

the liver (Goddard et al., 2016). Additionally, macrophages are known to accumulate within the 

liver upon CCL4-induced fibrosis (Binatti et al., 2022; Manuelpillai et al., 2012). Therefore, based 

on my results, it would be important to investigate whether macrophages recruited to the liver upon 

CCL4-induced fibrosis could trigger dormancy escape of breast cancer cells. Moreover, we would 

also study whether the administration of MMP9 inhibitor, BAPN or EGFR tyrosine kinase 

inhibitors (Ag1478 and Gefitinib) would influence the dormancy state of D2.OR cells in this 

experimental setup. These in vivo studies could validate my in vitro findings regarding the 

importance of macrophage-derived mechanisms in dormancy escape and could contribute to the 

improvement of therapeutic approaches to prevent the spread of breast cancer.  

Another possible follow-up for this work could be an obesity study. Clinical studies show 

that obesity represents an increased risk for breast cancer recurrence, suggesting that the 
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microenvironment that is formed upon obesity favors the re-activation of dormant tumor cells 

(Blair et al., 2019). During weight gain, because of the intensive lipid accumulation, the average 

size of the adipocytes is increasing. This can eventually lead to adipocyte necrosis which 

culminates to the rupture of the plasma membrane and the release of the adipocyte content. The 

cellular contents released into the microenvironment can trigger the accumulation of phagocytic 

macrophages to scavenge lipids and the cellular debris. It has been observed that the recruited 

macrophages encircle the necrotic adipocytes, thus form the so-called crown-like structures (CLS), 

which became the histological hallmarks of adipose tissue inflammation upon obesity (Weisberg 

et al., 2003). Since mammary tissue is enriched in adipocytes, such changes in breast adipose 

homeostasis upon obesity might have a determinant effect on breast cancer progression, therapy 

outcome and relapse as well (Vaysse et al., 2017). Accordingly, histology analysis of breast cancer 

samples indicated that the presence of CLS is associated to an increased risk for recurrence and 

mortality, suggesting that changes in the immune microenvironment of the obese breast adipose 

tissue might affect dormant cancer cells (Maliniak et al., 2021). Based on my results, an important 

issue would be to study the contribution of obesity-associated macrophages to dormancy escape. 

 

Clinical implications 

 

Elevated MMP9 levels has been associated to poor prognosis in patients with breast, 

colorectal, ovarian and non-small lung cancer, which makes MMP9 an attractive target for 

anticancer therapies (Jiang & Li, 2021; Martins et al., 2019; Peltonen et al., 2021; Shao et al., 

2011). Several MMP9 inhibitors have been already developed and tested in clinical trials, however 

so far all of them failed mainly due to poor inhibitor selectivity, dose-limiting toxicity or 

insufficient efficacy (Augoff et al., 2022). My results further highlight the potential of specific 

MMP9 inhibitors as important targets for targeted therapies. Therefore, in order to exploit MMP9 

inhibitors as  crucial tools in anticancer therapy, it is necessary to continue the search for selective, 

safe, and more potent MMP9 inhibitors.  

LOX enzymes have been also showed to be critical in the progression and metastasis 

formation of breast cancer. Although, several LOX inhibitors are under preclinical trials, which 

are encouraging, clinical data in breast cancer is non-existent so far (Ferreira et al., 2021). 
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Patient relapse can be prevented by keeping the disseminated cancer cells in a dormant 

state. Our data suggests that tyrosine kinase inhibitors, such as Gefitinib could contribute to the 

dormancy state of cancer cells. Gefitinib was shown to be a well-tolerated EGFR inhibitor, with 

promising results in lung cancer (Wakeling et al., 2002; Ye et al., 2020). Gefitinib was discovered 

to have a synergistic impact with tamoxifen treatment, inhibiting the proliferation of endocrine-

resistant MCF-7 breast cancer cells via lowering AKT and MAPK phosphorylation (Gee et al., 

2003; Normanno et al., 2006). Although multiple studies have noted the effectiveness of Gefitinib, 

there is still insufficient data to support routine clinical use of Gefitinib supplementation in patients 

with breast cancer.  

Taken together, our results contribute to the better understanding of the molecular 

regulation of dormancy escape, thereby highlighting MMP9, LOX and EGFR inhibitors as 

potential therapeutic targets to prevent cancer cell awakening.  

 

Concluding remarks 

 

As a conclusion, my work identified macrophages as major actors in dormancy escape and 

provided evidence that macrophages mediate cancer cell awakening via LOX and MMP9-

dependent matrix modifications. These matrix modifications are transduced via integrin-

β1/Src/FAK axis and trigger a ligand-independent EGFR phosphorylation, which leads to ERK 

activation, thus to the proliferation of cancer cells. One possible way to avoid patient relapse is to 

block the awakening of dormant cancer cells. For this, there is an urgent need to better characterize 

those mechanisms which could re-activate dormant cancer cells, as they could facilitate the 

development of clinical cancer management. By uncovering this, we could open new avenues 

toward future clinical strategies by targeting dormant cancer cells.   
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Abstract 

Metastasis is the major cause of cancer death and although most patients with 

metastases are treated with chemotherapy, the development of therapy resistance is 

common. The tumor microenvironment can confer chemoresistance, yet little is still 

known about how specific host cells influence therapy outcome. We show that 

chemotherapy induced neutrophil recruitment and Neutrophil Extracellular Trap (NET) 

formation which reduced therapy response in a mouse model of breast cancer lung 

metastasis. We found that chemotherapy-treated cancer cells released adenosine 

triphosphate causing other cancer cells to secrete IL-1β, which in turn triggered 

neutrophils to form NETs. Two NET-associated proteins where required for NETs’ ability 

to induce chemoresistance: first, integrin-αvβ1 in NETs trapped latent TGFβ. Then, matrix 

metalloproteinase 9 cleaved and activated the trapped latent TGFβ. The NET-mediated 

TGFβ activation caused cancer cell to undergo epithelial to mesenchymal transition and 

correlated with chemoresistance. Critically, pharmacologically targeting of IL-1β, NETs, 

integrin-αvβ1, MMP9, and TGFβ all dramatically improved chemotherapy response in our 

mice model. Our work establishes a novel paradigm for how NETs regulate activities of 

neighbouring cells by trapping and activating cytokines. Additionally, our data suggest 

that chemotherapy resistance in the metastatic setting can be reduced or prevented by 

targeting the previously unrecognized IL-1β-NET-TGFβ axis. 
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